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ABSTRACT 
Amanda Ellis Lyall: Trajectories of Early Cortical Development in 
 Healthy and At-Risk Children 
(Under the direction of John H. Gilmore) 
Increasing evidence supports the idea that many neurodevelopmental and 
psychiatric disorders are the result of abnormal brain development, either in the 
prenatal period or in the first few years of life.  Detecting deviations from healthy 
postnatal developmental trajectories early in life offers an opportunity to identify 
children who are at increased risk for neurodevelopmental disorders.  Use of 
magnetic resonance imaging (MRI) in a longitudinal study design provides an 
effective, non-invasive, in vivo method for investigating early stages of brain 
development in typical and atypical infants.   
In the first two postnatal years, cortical thickness and surface area have 
distinct and heterogeneous patterns of development that are exceptionally dynamic. 
By age 2, cortical thickness has reached an average of 97% of adult values, 
compared to surface area, which has reached 69%.  Cortical thickness and surface 
area growth in the first postnatal year is significantly related to general cognitive 
development.  Many of the cortical regions that were found to be significant have 
been shown to be strongly involved in sensorimotor development and language 
acquisition, two vital foundations for future cognitive functioning.   
 iv 
Schizophrenia is highly heritable and studying the offspring of schizophrenia 
patients provides a powerful tool for assessing the effects of genetic liability on early 
structural brain development. Infants with a high genetic risk for schizophrenia 
exhibited significant structural differences at both 1 and 2 years of age when 
compared to typically developing infants.  Results from a qualitative analysis also 
suggest that infants at high genetic risk for schizophrenia may be experiencing a 
period of accelerated gray matter growth between birth and 1 year, after which 
cortical growth appears to arrest in high-risk children between 1 and 2 years of age. 
Taken together, there is a critical need for a greater understanding of cortical 
and cognitive development in the first two years of life. As such, this dissertation will 
have a positive impact because a more complete understanding will lead to more 
effective early identification strategies and interventions that could attenuate, or even 
prevent, the progression of neurodevelopmental disorders. 
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TRAJECTORIES OF EARLY CORTICAL DEVELOPMENT IN HEALTHY AND AT 
RISK CHILDREN: AN EXECUTIVE SUMMARY 
 
Background and Motivation 
 
 There is a growing body of evidence suggesting that many 
neurodevelopmental and psychiatric disorders originate in early development. 
However, there are currently few studies that concentrate on early postnatal brain 
structure and cognitive development between birth and 2 years of age. The first two 
years of life are characterized by exceptionally dynamic structural brain growth 
paralleled by equally enormous leaps in motor skills and cognitive functioning.  
Detection of structural or functional brain abnormalities early in life holds the 
potential to help identify children who are at an increased risk for 
neurodevelopmental disorders. Early identification and intervention in 
neurodevelopmental or psychiatric disorders has the potential to mitigate, or even 
prevent, the progression of illness.  A greater understanding of when abnormal 
developmental patterns arise would help to isolate periods of development where 
interventions would be most effective. Therefore, in order to (1) detect aberrations in 
structural or functional brain development early in life, (2) identify individuals who are 
at-risk for neurodevelopmental disorders, and (3) isolate optimal periods for effective 
interventions, there is a critical need to define healthy patterns of growth in the first 
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two years of life, both in brain structure and cognitive function, to serve as a model 
for clinical comparisons with at-risk individuals.  
 Use of magnetic resonance imaging (MRI) in a longitudinal study design 
provides an effective, non-invasive, in vivo method for investigating early stages of 
brain development in typical and atypical infants.  Cortical surface measures, 
specifically cortical thickness (CT) and surface area (SA), offer an increased 
sensitivity for detecting differences between populations compared to previously 
employed volumetric analyses.  Recent studies have shown that CT and SA have 
distinct genetic determinants and may be differentially affected in 
neurodevelopmental disorders (Eyler et al., 2011).  Cortical surface measures can 
also be correlated with behavioral assessments to analyze relationships between 
structural growth and cognitive development. Shaw et al (2006) demonstrated a 
relationship between CT trajectories and IQ scores in early adulthood (Shaw et al., 
2006).  Therefore, the use of cortical surface measures provides the best available 
tool for the early identification of potential early biomarkers of abnormal cortical gray 
matter development in at-risk children.  
 The following studies utilized a unique population, novel image analysis 
methodologies, behavioral assessments and statistical modeling to study structural 
and functional brain development in very young children. These studies represent an 
innovative contribution to early human brain development and  are the first of it’s 
kind to provide currently unavailable information about early trajectories of cortical 
gray matter development in very young children.  
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 In summary, there is a critical need for a greater understanding of cortical and 
cognitive development in the first two years of life. As such, this dissertation will 
have a positive impact because a more complete understanding will lead to more 
effective early identification strategies and interventions that could attenuate, or even 
prevent, the progression of neurodevelopmental disorders.   
Aims and Hypotheses 
 
Aim 1. Define longitudinal growth trajectory of CT and SA in a cohort of healthy 
control infants from birth to 2 years of age. 
I studied a cohort of 40 healthy singletons and replicated our analysis in a cohort 
of 31 healthy single twins who underwent scans at 2 weeks, 1 year and 2 years of 
age. Globally, I expected to see nonlinear and regionally specific increases in CT 
and SA from birth to 2 years of age and hypothesized that SA will experience greater 
change than CT. Based on previous research, I hypothesized that sensory or motor 
regions, like the occipital and motor cortex, would demonstrate slower growth than 
higher order association cortices, such as the frontal lobe, in both CT and SA 
(Gilmore et al., 2011; Sowell, Thompson, Leonard, et al., 2004).  
 
Aim 2. Test the hypothesis that the overall trajectory of CT and SA from birth to 2 
years of age will be predictive of cognitive outcomes at 2 years of age. 
I analyzed relationships between the trajectories of CT/SA and cognitive 
outcomes at 2 years of age utilizing the Mullen Scales of Early Learning (MSEL). I 
selected the cortical gray matter trajectories within the anterior cingulate, 
dorsolateral prefrontal, and orbitofrontal cortices as a priori hypotheses, as these are 
highly involved in cognition in studies of late childhood and adults (Frangou, Chitins, 
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& Williams, 2004; Haier, Jung, Yeo, Head, & Alkire, 2004; Narr et al., 2007; Wilke, 
Sohn, Byars, & Holland, 2003).  I expected that neonatal structure; 2-year structure 
and the structural changes between birth and 1 year or 1 and 2 years of age would 
be less related to 2-year cognitive outcomes than the overall trajectory. Additionally, 
I expected CT to be more associated than SA based on previous findings in late 
childhood and adolescence (Narr et al., 2007; Shaw et al., 2006)  
 
Aim 3. Conduct a cross-sectional comparison analysis on infants at a genetic high 
risk (GHR) for SCZ and matched healthy control infants to detect differences in 
regional CT/SA development at 1- and 2-years of age. 
I analyzed two separate cohorts of 1 and 2-year-old GHR for schizophrenia infants 
and matched healthy control infants from the parent Early Brain Development Study 
control group. Previous research in adults with SCZ has shown gray matter 
reduction and cortical thinning in frontal, temporal and parietal areas. Conversely, 
the EBDS has shown that GHR male neonates have greater cortical gray matter 
volumes compared to their healthy counterparts.  In an effort to follow-up on the 
previous neonatal analysis, I planned to identified cortical regions that exhibited 
significant CT or SA differences in the GHR group. I hypothesized, a priori, that 
differences would be seen structurally in superior parietal, frontal and temporal gyri 
based on previous findings(Gogtay, Sporn, et al., 2004; Greenstein et al., 2006; 
Prasad et al., 2010). 
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Results Summary 
 
Aim 1 
We studied the longitudinal development of regional cortical thickness and 
surface area expansion in healthy infants from birth to 2 years.  Cortical thickness 
and surface area have distinct and heterogeneous patterns of development that are 
exceptionally dynamic.  Between birth and 2 years of age, overall cortical thickness 
increases by an average of 36.1% per region of interest, while cortical surface area 
increases 114.6% per region of interest.  By age 2, cortical thickness has reached 
an average of 97% of adult values, compared to surface area, which has reached 
69%. Additional analyses also show that cortical surface area and total cerebral 
volume have a strong and fixed scaling relationship from birth to adulthood while 
cortical thickness appears to be independent of cortical volume.  Interestingly, we 
found that sensory-specific association areas, such as the superior occipital gyrus 
and the super parietal gyrus, which are known to house topographic maps, expand 
primarily in surface area during the first two years of life. Our results also 
demonstrate that surface area expansion is the principal driving factor in cortical 
volume after 2 years of age and suggest that early identification, prevention and 
intervention strategies for neuropsychiatric illness need to be targeted to this period 
of rapid postnatal brain development.   
 
Aim 2 
Results from this analysis have found that cortical structure was significantly 
related to Mullen Scales of Early Learning Composite Scores in very young children. 
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Relationships between cortical surface and Mullen Early Scales of Early Learning 
Composite Scores are present for both cortical thickness and surface area in the first 
two years of life, contrary to our hypothesis. Also contrary to our hypothesis, overall 
development trajectories of cortical thickness and surface area rendered no 
significant results. However, neonatal structure and the change in structure between 
birth and 1 year of life had more significant relationships than 2-year structure. This 
indirectly suggests that the developmental growth preceding the administration of 
the behavioral test was more related to performance on the Mullen Scales of Early 
Learning than the cortical structure of the infant at the time of the test. Our overall 
trajectory analyses proved to be insignificant yet we believe that this is most likely 
due to our lack of statistical power because of the small sample size and the 
necessity of multiple covariates in our model. Additionally, many of the cortical 
regions that were found to be significant have been shown to be strongly involved in 
sensorimotor development and language acquisition, two vital foundations for future 
cognitive functioning.  Another unexpected result of our study was the presence of 
negative correlations. Due to the fact that most of the cortical regions exhibit strong 
growth during the first two years, negative correlations were a surprising result. 
However, we propose that negative correlations are a result of strict spatiotemporal 
regulation in early cortical development. We also believe that negative correlations 
may be specific to periods of early brain development. Overall, this study is an 
important first step in understanding the early structural correlates of developing 
cognitive abilities in very young children.  
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Aim 3 
Infants with a high genetic risk for schizophrenia exhibited significant 
structural differences at both 1 and 2 years of age when compared to typically 
developing infants. Significant differences were found in both cortical thickness and 
surface area.  All significant regions were association cortices that were previously 
linked to schizophrenia, such as the superior parietal gyrus, multiple temporal 
regions and the insula. A qualitative comparison shows that 81% of cortical regions 
have greater anatomical values in one or both cortical measures in high-risk kids at 
1 year of age.  In the 2-year cohort, only 71% of regions exhibited larger cortical 
thickness and/or surface area.  Occipital and parietal areas exhibited qualitatively 
smaller thickness and surface area than comparison infants whereas frontal regions 
tended to have quantitatively larger increases in cortical thickness. Results from our 
qualitative analysis also suggest that infants at high genetic risk for schizophrenia 
may be experiencing a period of accelerated gray matter growth between birth and 1 
year, after which cortical growth appears to arrest in high-risk children between 1 
and 2 years of age. 
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CHAPTER 1: SCHIZOPHRENIA AND SCHIZOPHRENIA RISK 
 
Introduction 
 
Mental illness affects roughly 5% of the population in the United States and 
results in costs in excess of 300 billion dollars per year (Insel, 2008). Psychiatric 
illnesses with neurodevelopmental origins, such as schizophrenia, bipolar disorder 
and autism, can lead to a lifetime of impairment despite adequate treatment. 
Increasing evidence supports the idea that many neurodevelopmental and 
psychiatric disorders are the result of abnormal brain development, either in the 
prenatal period or in the first few years of life. However, there are few studies that 
focus on this critical period of human brain development, and our understanding of 
the earliest stages of postnatal human brain development, in either healthy or in at 
risk cases, is incomplete.  
Detecting deviations from healthy postnatal developmental trajectories early in 
life offers an opportunity to identify children who are at increased risk for 
neurodevelopmental disorders. Early identification of psychiatric illness is crucial for 
prevention and mitigating progression. Unfortunately, methods for early identification 
for are under-developed or not available until symptom onset. After symptom onset, 
overall brain structure and function are already altered, making treatments or 
interventions less effective. Therefore, it is critically important to define healthy 
patterns of growth in the first two years of life, both in brain structure and cognitive 
function, to serve as a model for clinical comparisons and prognoses. A greater 
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understanding of healthy developmental trajectories will improve early identification 
methodologies for detecting deviations in brain development as well as for defining 
optimal periods for early intervention. 
Until recently, the primary source for studies of the early stages of human 
development had been analysis of postmortem fetal and neonatal brain tissue. 
These studies have shown that at birth, neurogenesis, cortical lamination and 
gyrification are largely complete (Bhardwaj et al., 2006; Chi, Dooling, & Gilles, 
1977a; Hill, Inder, et al., 2010; Sanai et al., 2011). In the early postnatal period, 
large-scale changes in brain growth have been attributed to increases in dendritic 
arborization, myelination, glial proliferation and synaptogenesis (Bourgeois, 1997; 
Glantz & Lewis, 2000; Huttenlocher & Dabholkar, 1997; Huttenlocher, 1990; Luskin 
& McDermott, 1994; Sampaio & Truwit, 2001b). The NIMH-funded Early Brain 
Development Study (EBDS), led by my advisor, Dr. John H. Gilmore, expanded 
upon these studies by pioneering magnetic resonance imaging (MRI) techniques 
that collect longitudinal MRI scans in the first two years of life in healthy singletons, 
twins, and genetically at-risk infants. The goal of EBDS is to study the human brain 
in the first years of life with both structural imaging techniques and cognitive 
assessments to identify structure-function relationships during this dynamic period of 
development in healthy and at-risk populations.   
During prenatal or early postnatal development, genetic and/or environmental 
insults have the potential to lead to long-term abnormalities in cortical development. 
These abnormalities can manifest as differences in the structure of the cortex, which 
can be measured by image analysis methodologies, or function of the cortex, which 
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can be measured by behavioral and cognitive assessments. Previous imaging 
studies of early brain development have been volumetric analyses. However, in 
order to better identify structural abnormalities in the cortex, novel MR imaging 
methodologies have been developed that can deconstruct global cortical volume 
changes in infants into two primary cortical surface measures: cortical thickness 
(CT), cortical surface area (SA) Utilization of MRI-derived cortical surface measures 
provides a more detailed picture of the pattern of cortical maturation in the first two 
years of life. At present, there are no studies of longitudinal developmental 
trajectories of cortical thickness and surface area in the first two years of life.  
Previous studies have documented both structural and cognitive alterations in 
individuals afflicted with neurodevelopmental disorders, specifically in schizophrenia 
(SCZ). Studies of SCZ have shown patterns of gray matter reduction in parietal, 
frontal and temporal regions in adults with first-episode and chronic SCZ (Goldman 
et al., 2009; Kuperberg et al., 2003). There is also evidence of excessive thinning in 
the cortex preceding symptom onset in both adults and children with childhood-onset 
SCZ (Greenstein et al., 2006; Narr, Bilder, et al., 2005). A recent study in young 
children demonstrated that males with an increased genetic risk for SCZ have larger 
cortical gray matter volumes and altered structural white matter connectivity when 
compared to their healthy counterparts (Gilmore, Kang, et al., 2010; Shi, Yap, et al., 
2012).  
Cognitive processes are affected in individuals with SCZ, with specific deficits in 
general cognition, attention, and motor tasks (Krieger et al., 2005; Rais et al., 2012; 
Schiffman et al., 2009). Retrospective meta-analyses of SCZ have shown that these 
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deficits are present even before the prodromal phase and can appear in early 
childhood (E. Aylward, Walker, & Bettes, 1984; Khandaker, Barnett, White, & Jones, 
2011; Morrison, O’Carroll, & McCreadie, 2006; O’Carroll, 2000).  
Recent evidence has demonstrated that CT and SA are governed by distinct 
genetic determinants and are differentially affected in neurodevelopmental disorders 
(Eyler et al., 2011). Separating cortical volume changes into different components 
will narrow the field of investigation for candidate genes responsible for 
disease/disorder-specific phenotypes in schizophrenia and other disorders. 
 As the study of schizophrenia and schizophrenia risk is a primary component of 
this dissertation, an overview of schizophrenia is included below. This general 
overview will cover a wide range of topics including incidence, symptomology, 
genetic and environmental risk factors, treatment, and prevailing etiological 
hypotheses. The final section will provide a brief introduction to high-risk 
populations. 
Schizophrenia 
 
 Schizophrenia is a debilitating psychiatric disorder that affects roughly 1% of 
the population (Mueser & McGurk, 2004).  The World Health Organization has 
identified it as one of the top ten causes of disability-adjusted life years (DALYs) due 
to its chronic nature (Murray & Lopez, 1996). Schizophrenia is also considered one 
of the most burdensome and costly disorders worldwide (Rössler, Salize, van Os, & 
Riecher-Rössler, 2005), with the total economic burden of schizophrenia projected to 
be roughly 65 billion dollars in the United States in 1995 (Wyatt, Henter, Leary, & 
Taylor, 1995). However, despite extensive study, the cause of schizophrenia is still 
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unknown.  
Incidence of Schizophrenia 
 
 The annual incidence of schizophrenia is 0.2-0.4 per 1000 with a lifetime 
prevalence of about 1% (Jablensky, 1997). Schizophrenia affects both sexes 
equally, yet women tend to have a later age of onset than men (Murray & Van Os, 
1998) as well as a less severe course of illness (Bergen et al., 2014). Studies 
conducted by the World Health Organization have shown that schizophrenia is 
present across a wide range of cultures and countries, including both developed and 
under-developed nations (Jablensky et al., 1992). Transition to psychosis, usually 
diagnosed by the presence of common positive symptoms such as hallucinations 
and delusions, tends to occur between 16 and 30 years of age (Vinokur, Levine, 
Roe, Krivoy, & Fischel, 2014). Studies have reported that schizophrenia is less 
common after 45 years of age (Mueser & McGurk, 2004) and that an earlier onset is 
related to a poorer prognosis (Delisi, 1992). Schizophrenia rarely occurs before 
adolescence, but cases of childhood-onset schizophrenia have been reported 
(Rapoport, Giedd, & Gogtay, 2012). Childhood-onset schizophrenia is a rare but 
severe form of the disorder, with onset of psychosis appearing before the age of 13 
years (Nicolson & Rapoport, 1999).  Individuals with schizophrenia have a shorter 
life expectancy than those without mental illness. Studies have shown that men with 
schizophrenia tend to have a shorter life expectancy of 18.7 years, while women 
have a shorter life expectancy of 16.3 years (Laursen, 2011), with the “expected-
age-of-death” to be roughly 43 and 50 years for men and women, respectively 
(Laursen, 2011). The shortened life expectancy was found to be due to physical 
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diseases and medical conditions believed to be due to lower socioeconomic status 
and poor lifestyle choices, such as substance abuse (Laursen, 2011).  
Genetic and Environmental Factors 
 
 Though the etiology of schizophrenia is still unknown, it is well known that 
schizophrenia aggregates in families (Kendler & Diehl, 1993). Over two-thirds of 
cases occur sporadically, yet risk for developing schizophrenia increases as the 
degree of genetic affinity with an affected family member increase (Kendler & Diehl, 
1993).  Discordant twins studies, where one twin is affected and the other is not, and 
“adopted-away” family studies, have shed light onto the genetic heritability of 
schizophrenia. Heritability refers to the proportion of variance in liability for an illness 
in the general population that is accounted for by genetic effects. In dizygotic twins, if 
one twin has schizophrenia, the risk of the other having the illness is 10-15%, which 
is a similar risk for non-twin siblings (Gottesman, 1991; Tsuang, 2001). However, in 
monozygotic twins, the risk increases to 40-50% (Gottesman, 1991; Tsuang, 2001).  
In an effort to determine whether or not the shared rearing environment was a factor, 
studies of children who were “adopted-away” from their schizophrenia parent(s) to 
be raised by parents without the illness showed that the risk of schizophrenia was 
related more to the presence of illness in the biological parents as opposed to the 
adoptive parents (Rosenthal, Wender, Kety, Welner, & Schulsinger, 1971). Taken 
together, these studies have shown that the heritability of schizophrenia is high and 
that genetic factors contribute about 80% of the liability for the illness (Kendler & 
Diehl, 1993; Sullivan, 2005, 2008).  However, despite extensive study, there is no 
gene that has been presently identified as being necessary and sufficient for 
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developing schizophrenia. Instead, schizophrenia has been characterized as a 
heterogeneous, polygenic/multifactorial disease (Baron & Risch, 1987; Lichtermann, 
Karbe, & Maier, 2000) with multiple common genetic polymorphisms, each of which 
contributes to a small effect for disease susceptibility.  Several genome-wide 
association studies have identified multiple loci that are believed to contribute to risk 
for schizophrenia (Bergen et al., 2014; Ripke et al., 2013). These studies provide a 
deeper insight into the genetic architecture of schizophrenia and show that common 
variation within genetic makeup is a predominant contributor to risk as opposed to 
uncommon genetic variation, as previously believed (Ripke et al., 2013).  Ripke and 
colleagues (2013) identified four main themes within their genome-wide association 
study, with schizophrenia etiology and risk showing strong links to calcium signaling, 
the MHC region, MIR137 and long intergenic noncoding RNAS.  Further studies are 
needed to elucidate the genetic components of schizophrenia that will ultimately 
allow for more precise and targeted neurobiological hypotheses on the effects of 
common genetic variation in the identification and treatment of schizophrenia. 
 Several environmental and psychosocial factors are highly correlated with 
schizophrenia. Many environmental variables related to the gestational environment 
of the child or the parents of the child have been identified as strong indicators. For 
instance, maternal infection, such as influenza, rubella, toxoplasmosis and others, 
as well as nutritional deficiency in the second and third trimesters of pregnancy have 
been identified as a risk factor for schizophrenia (Meyer, Yee, & Feldon, 2007; 
Penner & Brown, 2007), though not consistently (Crow & Done, 1992). Obstetric and 
perinatal complications have also be shown to double the risk of developing 
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schizophrenia (Cannon, 1997) along with increased paternal age (Malaspina et al., 
2001; Wohl & Gorwood, 2007).   
 Decreased gestational age of an infant at birth as well as low or very low birth 
weight has also been identified as strong risk factors (Abel et al., 2010; Rifkin, Lewis, 
Jones, Toone, & Murray, 1994). Later in childhood, other psychosocial factors such 
as childhood trauma (Morgan & Fisher, 2007; Read, van Os, Morrison, & Ross, 
2005), sexual abuse (Cutajar et al., 2010), parental separation or death (Morgan et 
al., 2007), and adverse child rearing (Tienari et al., 2004) have all been implicated in 
schizophrenia. Urbanicity during early childhood years has also been identified as 
increasing the risk of schizophrenia (Pedersen & Mortensen, 2001). Despite the 
wide range of environmental risk factors that have been identified, there is no single 
factor that is necessary and sufficient to cause schizophrenia.  
Diagnosing Schizophrenia 
 
 Three broad symptom types characterize schizophrenia: positive, negative and 
cognitive. Positive symptoms primarily include hallucinations, false beliefs/delusions, 
or bizarre behaviors. Hallucinations have been reported to manifest in a range of 
modalities including auditory, visual, olfactory, gustatory, and tactile (Mueser & 
McGurk, 2004). The most common type of hallucination reported has been auditory. 
Commonly reported delusions in schizophrenia include persecutory delusions, 
grandiose delusions, and somatic delusions. Thought disorders are also present in 
individuals with schizophrenia. These can be characterized as an unusual or 
disorganized manner of thinking. Individuals with thought disorders have also been 
reported to make up meaningless words, called neologisms. A final positive 
 9 
symptom is the presence of movement disorders. Individuals with this kind of 
positive symptom can have agitated, rapid, or repetitive movements or, alternately, 
be catatonic and experience very limited movement.  Symptom presence and 
severity tend to appear in brief episodes throughout the course of the disorder. 
These episodes tend to be unpredictable and depending on the circumstances, can 
sometimes lead to violent outbursts that may cause harm to themselves or others. 
 Negative symptoms present as diminished or absent basic emotional and 
behavioral processes. Common negative symptoms include lack of affect, 
anhedonia, avolition, alogia and social withdrawal. In schizophrenia, negative 
symptoms tend to be more pervasive and consistent over time than positive 
symptoms. These symptoms are unfortunately often perceived as laziness and can 
often result in these individuals experiencing difficulty taking care of themselves.  
 Individuals with schizophrenia also exhibit deficits in cognitive functioning. 
These impairments include problems with attention and concentration, psychomotor 
processing speed, learning and memory and a range of executive functions such as 
lack of problem solving ability. Cognitive deficits have been shown to precede 
symptom onset; retrospective studies have shown that cognitive deficits can be seen 
as early as adolescence (Jones, Rodgers, Murray, & Marmot, 1994; Walker, Savoie, 
& Davis, 1994).  
 Depending on the array of symptoms that are present at the time of the 
assessment, there are four different categories of schizophrenia in the DSM-V: 
paranoid, disorganized, undifferentiated and residual. Paranoid-type is characterized 
by primarily by delusions and auditory hallucinations but with limited cognitive or 
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social impairments. Disorganized-type individuals are characterized by disorganized 
speech and illogical behavioral patterns. These individuals also tend to present with 
flattened, inappropriate, or exaggerated emotional states.  Undifferentiated-type 
schizophrenia patients are individuals that present with some of the previously 
mentioned symptoms but not enough of a specific type to be characterized as 
another particular form of schizophrenia. Last, residual-type schizophrenia can be 
characterized as having a past history of at least one psychotic episode, but at the 
time of assessments the person has presents with no observable positive symptoms 
(hallucinations, delusions, etc.). The individual may still exhibit some negative 
symptoms (flattened affect, limited speech). Residual schizophrenia is believed to 
represent a transition from a psychotic state to a remission state. 
Treatment of Schizophrenia 
 
 The treatment of schizophrenia has improved dramatically since the late 1950s 
due to the introduction of therapeutic pharmacological interventions. Evidence 
suggests that the mechanism of action for effective drug treatments involve the 
pharmacological blockade of dopamine receptors (specifically the D2 subtype). 
Antipsychotic drugs, or neuroleptics, are a class of drugs that selectively reduce 
emotionality and psychomotor activity. These types of drugs can be categorized into 
traditional neuroleptics and second-generation (“atypical”) anti-psychotics.  
 Traditional neuroleptics are phenothiazines, such as chlorpromazine 
(Thorazine), and butyrophenones, such as haloperidol (Haldol). These are the 
largest class of drugs that are most commonly used in the schizophrenia population.  
 Second-generation or “atypical” antipsychotics such as clozapine (Clozaril), 
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risperidone (Risperdal), and aripiprazole (Abilify) are often prescribed because they 
can effectively and consistently relieve patients of the negative symptoms of 
schizophrenia with fewer side effects involving abnormal movements (e.g., tremors, 
rigidity). These antipsychotics block serotonin receptors and/or the D1 or D4 
dopamine subtype receptors in addition to blocking D2 dopamine receptors.  
 At present, Clozapine is considered the most effective treatment option for 
individuals with schizophrenia, including individuals previously resistant to other 
treatment options (Tamminga, 2006). This was demonstrated by the Clinical 
Antipsychotic Trials of Interventions Effectiveness (CATIE) study sponsored by 
NIMH, which was tasked with the mission to assess multiple antipsychotic 
treatments for their effectiveness, efficacy, and tolerability (Tamminga, 2006). It 
should be noted, however, that this study also highlights the tradeoffs inherent in 
antipsychotic medications and advises that the risks and benefits of any single 
medication need to be weighed individually with each patient throughout the duration 
of treatment regimen (Tamminga, 2006).  
Genetic and Clinical Risk Groups 
 
 Research focusing on the earliest phases of schizophrenia may provide 
valuable information about the neurobiological mechanisms underlying the disorder. 
Additionally, by facilitating early diagnosis, treatment strategies for schizophrenia 
may prove to be more effective at mitigating or preventing the onset of the disorder. 
In order to research the structural and behavioral characteristics related to liability for 
the disorder, two important research paradigms have been developed.  
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First, due to an important genetic component of schizophrenia, use of 
individuals with an increased genetic risk allows for the evaluation of putative 
endophenotypes, such as structural or cognitive differences.  These studies are 
important for the identification of structural or functional vulnerabilities in an 
asymptomatic and un-medicated sample that may manifest due to the presence of 
increased genetic liability. Genetic high-risk groups (GHR) can be offspring of 
schizophrenia patients, unaffected siblings or unaffected relatives.  Transition to 
psychosis for genetic high-risk groups has been shown to be roughly ~10%, though 
there is much variability reported (Fusar-Poli et al., 2013; Haroun, Dunn, Haroun, & 
Cadenhead, 2006; Myles-Worsley et al., 2007; Yung et al., 2007; Yung, Phillips, 
Yuen, & McGorry, 2004). 
The second popular research paradigm is the use of clinical high-risk groups 
(CHR). Clinical high-risk groups are primarily individuals who exhibit symptoms of 
schizophrenia, usually negative symptoms, but have not yet experienced a psychotic 
episode.  The use of clinical high-risk cohorts in research is primarily to identify 
neurological changes that are occurring prior to onset of psychosis. The 
identification of biomarkers of risk of transition to psychosis may improve long-term 
outcomes of individuals with schizophrenia because many studies have shown that 
earlier treatment tends to lead to better outcomes.  As can be expected, transition 
rates for clinical high-risk populations tend to be higher. Studies have reported 
transition rates of about 30%; there is also some variability within that data as well 
(Fusar-Poli et al., 2013; Haroun et al., 2006; Myles-Worsley et al., 2007; Yung et al., 
2007, 2004). 
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Compared to the rest of the population, both of these cohorts have a higher 
probability of developing the schizophrenia (Riecher-Rössler et al., 2007, 2009).  
High-risk subjects show attenuated signs of positive (Broome et al., 2005; Riecher-
Rössler et al., 2007, 2009; Yung et al., 2004), negative (Lencz, Smith, Auther, 
Correll, & Cornblatt, 2004; Riecher-Rössler et al., 2009) and cognitive symptoms 
(Brewer et al., 2006; Riecher-Rössler et al., 2009) as well as differences in cortical 
structure and function during the prodromal phase (Cullen et al., 2013; Fornito et al., 
2008; Jahshan, Heaton, Golshan, & Cadenhead, 2010; Morey et al., 2005; T. 
Takahashi et al., 2009). This evidences suggests that certain aspects of these 
symptoms may be markers for increased susceptibility for developing schizophrenia.  
 
Conclusion 
 
Schizophrenia is a devastating psychiatric disorder with no known cause or 
cure.  Though many genetic and environmental factors have been strongly 
implicated, there is no single factor that is necessary and sufficient for the 
development of schizophrenia.  The lack of knowledge concerning the biological 
underpinnings of schizophrenia makes the treatment of the disorder difficult.  An 
increased understanding of the natural biological progression of schizophrenia will 
assist the identification of early structural or functional markers of risk.  An increased 
understanding of the neurodevelopmental aspects of this debilitating brain disorder 
will also allow for the development of more effective therapeutic interventions that 
could mitigate or ultimately prevent the onset of schizophrenia.
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CHAPTER 2: IMAGING EARLY CHILDHOOD BRAIN DEVELOPMENT 
 
Introduction  
The development of the nervous system is a complex process involving an 
intricate interplay of neuronal generation, migration and differentiation, followed by 
an even more complicated period of synaptogenesis and synaptic pruning, 
spinogenesis, dendritic arborization, gliogenesis, and programmed cell death. By 
birth, over 1 trillion cells are born in the developing central nervous system. The 
amount of neural connections formed during pregnancy is estimated to be in the 
range of 100 trillion.  The importance of prenatal neurodevelopment cannot be 
overstated, but the brain continues to undergo dramatic changes in the first few 
years of postnatal life. The brain doubles in size in the first 2 years and reaches 96% 
of adult volume by age four or five. In the cortex, the elaboration of new synapses 
produces an increase in overall gray matter volumes to a lifetime maximum at about 
age two; after which dendritic pruning begins to refine neural circuits. Maturation of 
white matter also proceeds rapidly in these years with the adult pattern of 
myelination present by age two. Concurrent with the rapid pace of structural brain 
development is an equally rapid development of a wide range of cognitive functions.  
The degree of spatial and temporal precision necessary to accomplish the task of 
creating a fully functional and healthy human brain is astounding.   
Advances in neuroimaging are providing new insights into human 
neurodevelopment and opening up unprecedented opportunities for discovering the 
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relationship between developmental trajectories, genetics, cognition, personality, 
and psychiatric risk.  These studies also offer the potential to identify optimal 
developmental periods for interventions to improve cognitive development or to 
decrease risk for psychiatric disorders.  
Neurobiological Elements of Prenatal Brain Development 
 
In the beginning, the developing embryo is a sheet of rapidly dividing cells. A 
week after conception, the cellular sheet is comprised of three primitive germ layers: 
the ectoderm, the mesoderm, and the endoderm. The cells of the ectoderm known 
as the neuroectoderm are the cells that will eventually become the entire nervous 
system.  In the 2nd and 3rd week of gestation, the neuroectoderm begins to produce 
neural precursor cells. This process, known as neurulation, forms a very distinct 
column of cells known as the neural plate.  In the 4th week of gestation, the lateral 
edges of the neural plate fold inward to create what is known as the neural tube.  It 
is the neural tube that will give rise to the developing brain and spinal cord.  A 
specific set of cells within the neural tube, known as neural precursors, will 
symmetrically divide to increase the number of precursors. These precursors will 
have the ability to produce cells that will differentiate via mitosis into various types of 
cells such as neurons, astrocytes and oligodendrocytes. The cavity created after the 
folding of the neural tube constitutes the early stages of the ventricular system, a 
group of structures that includes the lateral ventricles, which will be vitally important 
for healthy development and maintenance of the brain. 
Neurogenesis and Migration   
Beginning around the 5th week of gestation, neural precursors located along 
the walls of the developing lateral ventricles begin to rapidly divide.  This marks the 
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beginning of neurogenesis as these cells have the ability to produce either more 
progenitors, through symmetric division, or neurons, through asymmetric division. 
Between 13 and 20 weeks of gestation, the fetal brain experiences an exponential 
rate of neurogenesis, which has been shown to generally peak around the 17th week 
of gestation. From mid-gestation to term birth, the rate of neurogenesis reverts to a 
more linear pattern which eventually slows as the fetus approaches birth 
(Samuelsen et al., 2003).   
The cerebral cortex develops its 6-layered structure in an “inside-out” manner.  
Firstborn cells are located in the deeper layers of the brain while later generations 
migrate through older cells to establish layers superficial to them. Each layer of cells 
consists of a cellular population that was born during a specific developmental 
period; the timing of neurogenesis greatly influences the cell types and connections 
that will characterize each layer in the cerebral cortex. The final location of a new 
neuron is exceptionally critical for the establishment of healthy functioning neural 
connections. The timing and spatial location must be precise in order to bring cells 
into the appropriate spatial relationships with neurons of similar and different 
subclasses. Neuronal migration peaks between 12 and 20 weeks of gestation and is 
largely complete by 26 to 29 weeks.  Neurogenesis in humans is thought be 
complete by birth, though there is some evidence that it may persist in the early 
postnatal period in a limited way, including the anterior subventricular zone 
(Bhardwaj et al., 2006; Sanai et al., 2011). 
Differentiation   
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Molecular, cellular and genetic signals within the extracellular environment of 
migrating neurons have been shown to affect the differentiation of new neurons into 
distinct neuronal cell types. Neurons are characterized based on differences in 
anatomical location, morphology, neurotransmitter content, and by the synapses that 
they make or receive when they mature.  Though no one has the exact number of 
types and subtypes of neurons, it is estimated that the number of types and 
subtypes is at least in the hundreds. Each neuronal type serves a specific purpose 
within the developing and adult brain. 
Synaptogenesis. 
 
After establishing their cellular fate, neurons begin to extend axons and form 
dendrites to begin making connections with nearby cells to create synapses, a 
process known as synaptogenesis. The synapse is the primary site of information 
transfer in the nervous system.  The creation of synapses requires the development 
of specialized machinery on both the presynaptic side, which is where 
neurotransmitters are released, and the post-synaptic target, where 
neurotransmitters are received and the signal is processed (Waites, Craig, & Garner, 
2005). The dynamics of synaptogenesis in the cortex of the developing fetus has 
already been well characterized. Until approximately 26 to 28 weeks, synaptic 
density increases at a rate of 4% a week (Zecevic, 1998). The peak period of 
synaptogenesis occurs at 34 weeks of gestation, during which almost 40,000 new 
synapses are formed every second, a process that will continue well into postnatal 
life (de Graaf-Peters & Hadders-Algra, 2006).  Synaptogenesis exhibits differential 
growth across the 6 cortical layers as well as cortical regions. Synaptogenesis 
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follows the similar “inside-out” manner within the cortical layers, with deeper layer 
creating synapses earlier than more superficial layers (Huttenlocher, 1990).  Within 
cortical regions, studies have shown that synaptogenesis begins earlier in primary 
motor and sensory areas, progressing later to more anterior regions such as the 
prefrontal cortex (Huttenlocher & Dabholkar, 1997; Huttenlocher, 1984, 1990).   
Apoptosis. 
 During development, the fetal brain overproduces the number of neuronal 
cells necessary for the proper functioning of the brain. The cellular and molecular 
mechanisms that underlie the expansion of the cortex are actively counteracted by 
programmed cell death, otherwise known as apoptosis.  Most interestingly, it has 
become apparent that programmed cell death is actually the default fate for most 
cells in the brain and that neurons only survive unless given the appropriate survival 
signals (Blaschke, Staley, & Chun, 1996; Oppenheim, 1991). This default process 
allows for the elimination of cells that are unnecessary or in the incorrect place to 
ensure the proper and efficient neuronal circuits are formed. In the course of human 
development, neuronal number peaks prenatally in the 28th week of gestation yet 
roughly half of the neurons created during neurogenesis die by adolescence via 
apoptosis (Lossi & Merighi, 2003).  
Gyrification.   
 
Dendritic branching and arborizations as well as increased synaptogenesis in 
the developing brain leads to a thickening of the cortex in the third trimester.  Until 
this time, the brain has been lissencephalic, or smooth, but around 26 gestational 
weeks, the cortex begins to display folding patterns that lead to the first appearance 
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of cortical gyri and sulci (Armstrong, Schleicher, & Omran, 1995; Chi et al., 1977a). 
By 40 weeks of gestation, the adult patterns of sulci and gyri are present in the 
developing fetus and have been shown to change very little after birth (Hill, Inder, et 
al., 2010). So far, the precise mechanisms responsible for creating the gyrification 
patterns are unclear despite many viable theories (Fischl et al., 2007; Van Essen, 
1997; Xu et al., 2010). 
Gliogenesis.   
 
Between 20 and 40 weeks of gestation, the production of glial cells begins to 
increase (de Graaf-Peters & Hadders-Algra, 2006).  Glial cells vastly outnumber 
neurons and perform a dynamic range of functions essential for nervous system 
development and physiology. One primary type of glial cell is an astrocyte, the most 
abundant cell type in the human brain. Astrocytes govern key steps in synapse 
formation and plasticity, as well as reuptake of excessive neurotransmitters, 
providing structural support for developing neurons and even modulating neural 
transmission.  Another type of glial cell is an oligodendrocyte. Oligodendrocytes are 
the resident cell type responsible for the production of myelin. 
White Matter Tract Development.   
 
Once the neurons and glial cells have migrated to their final positions, 
neurons begin to extend axons and dendrites, which allow them to communicate 
with other neurons via synapses.  The initial fiber tracts are formed by the axons of 
so-called pioneer neurons (Hidalgo & Booth, 2000).  Growing axons have a highly 
motile structure at the growing tip called the growth cone, and rely on variety of 
guidance cues in deciding upon a growth path to reach the correct targets (Raper & 
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Mason, 2010).  Studies based on histochemistry and diffusion tensor imaging (DTI) 
have revealed the development of cortical axonal pathways in the fetal brain 
between 8 and 34 postconceptual weeks (PCW) (Vasung et al., 2010). Major 
findings include: two major afferent fiber bundles, internal capsule and external 
capsule, and limbic bundles, e.g., fornix, stria terminalis and amygdaloid radiation 
show initial outgrowth and formation by 10 PCW; afferent fibers invade the 
corticostriatal junction as early as 11 PCW; around 13–14 PCW, axonal pathways 
from the thalamus and basal forebrain approach the cortical plate, causing the first 
lamination.  The elaboration of the periventricular crossroads (thalamo-cortical, 
corticopontine, corticocaudate and callosal fiber systems), sagittal strata and spread 
of fibers in the subplate and marginal zone dominates the developmental period 
between 15 and 18 PCW; penetration of the cortical plate occurs after 24–26 PCW. 
Myelin, the insulating lipid-layers wrapped around axons by oligodendrocytes, 
is essential for fast impulse propagation.  The first mature myelin is detected in the 
subcortical regions between 20 and 28 weeks of gestation, specifically in the 
thalamus and globus pallidus (Brody, Kinney, Kloman, & Gilles, 1987; Hasegawa et 
al., 1992; Kinney, Brody, Kloman, & Gilles, 1988). By week 35 myelination is 
detected in the pre- and postcentral gyri as well as the optic radiations and striatum 
(Brody et al., 1987; Hasegawa et al., 1992; Kinney et al., 1988).  By week 40, myelin 
is present in the acoustic radiations. Between the 36th and 40th gestational week, the 
proportion of total brain volume that contains myelinated white matter increases from 
1 to 5% (Huppi et al., 1998). Myelination has been shown to follow a posterior to 
anterior pattern that reflects overall brain development.  Subcortical structures have 
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been shown to myelinate before the cortical layers and the deeper, older layers of 
the cortex myelinate before more superficial, younger layers. Myelination will 
continue to occur well after birth into adolescence and early adulthood, yet the 
axonal foundations for fundamental white matter tracts are believed to already be 
present at term birth (Geng et al., 2011).  A recent study of transcription in the 
human prefrontal cortex found that genes related to axon function were highly 
expressed in the fetal period, and decreased after birth in infancy, suggesting that 
axon development primarily occurs before birth; genes related to the synapse are 
highly expressed in both fetal and infant stages (Colantuoni et al., 2011).  
Neurobiological Elements of Early Postnatal Brain Development 
 
The early postnatal period represents a time of dramatic changes in brain 
structure and function. Cortical gray matter continues to grow rapidly throughout the 
first two years of life.  Gray matter growth rates are consistent with the elaboration of 
synapses during this time period (Glantz, Gilmore, Hamer, Lieberman, & Jarskog, 
2007; Huttenlocher & Dabholkar, 1997; Webster, Elashoff, & Weickert, 2011).  
Synapse density increases rapidly after birth, reaching a level 50% greater than 
seen in typical adult by age 2 (Huttenlocher, 1979).  Postmortem studies of the early 
human brain show that the time course of synaptogenesis varies across cortical 
regions and exhibits a posterior to anterior gradient (Huttenlocher & Dabholkar, 
1997; Huttenlocher, 1979, 1984).  Qualitative Golgi studies indicate rapid increase in 
dendritic complexity of cortical neurons in the first two years of life (Conel, 1947, 
1963, 1967).  A more recent Golgi study of layer 3C pyramidal neurons in prefrontal 
cortex found that the total number of basal dendritic segments increased after birth 
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to adult levels by one month of age, and that total dendrite length increased 3 times 
in the first 2.5 months after birth, remained "dormant" until 16 months and then 
increased again until 2.5 years (Petanjek, Judaš, Kostović, & Uylings, 2008).  In 
layer 5 pyramidal neurons, no new dendritic segments were elaborated after birth 
and adult values of dendritic length were attained by 12-15 months of age (Petanjek 
et al., 2008).  In the prefrontal cortex, dendritic spine density of pyramidal neurons 
increase rapidly in the first years of life, peaking over 2 times the density observed in 
adults (Petanjek et al., 2011). Layer 3C pyramidal neurons peaked at ages 2-7 
years, while layer 5 neurons peaked at ages 7-9 years (Petanjek et al., 2011).  The 
growth of gray matter volume in the first years of life then appears to be driven 
mainly by the elongation of existing dendrites and the development of new 
synapses; growth of glial and vascular elements of the neuropil also likely contribute.  
Human brain white matter maturation is a complex and long lasting process 
that begins in the fetal period and continues into adulthood. The most significant 
period of white matter myelination occurs between midgestation and the second 
postnatal year (Brody et al., 1987; Yakovlev & Lecours, 1967), and accompanies 
neuronal synaptogenesis and gray and white matter growth (Glantz et al., 2007; 
Huttenlocher & Dabholkar, 1997; Knickmeyer et al., 2008). Previous postmortem 
studies have shown that central nervous system (CNS) myelination follows 
predictable topographical and chronological sequences with myelination occurring in 
the proximal pathways before distal pathways, in sensory pathways before motor 
pathways, in projection pathways before association pathways, in central sites 
before poles, and in occipital poles before frontotemporal poles (Brody et al., 1987; 
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Flechsig, 1920; Yakovlev & Lecours, 1967).  The general pattern of adult myelination 
is present by the end of the second year (Sampaio & Truwit, 2001a).  White matter 
myelination is associated with the development of cognitive functions during the 
human life span (Brauer, Anwander, & Friederici, 2011; Klingberg, Vaidya, Gabrieli, 
Moseley, & Hedehus, 1999; Nagy, Westerberg, & Klingberg, 2004) and is 
increasingly recognized as playing a role in neuronal plasticity (Bengtsson et al., 
2005; Lee et al., 2010).  
It is important to note that the large increase during the first years of life could 
be a potential period of heightened vulnerability in the developing brain.  Regional 
differences in rates of maturity could also lead to immature regions being more 
susceptible to insult than regions that have already reached maturity and may render 
the immature regions potentially unable to recover (Andersen, 2003; Rice & Barone, 
2000). Disruption of any neurodevelopmental processes, as a result of innate 
genetic abnormalities or as a consequence of environmental insults, could have 
long-lasting effects on brain structure and function, resulting in potential delays later 
in life.  
Imaging Prenatal Brain Development  
 
Over the past decade, here has been increasing interest in the application of MR 
imaging approaches to the study of in utero human fetal brain development 
(reviewed in (Clouchoux & Limperopoulos, 2012; Mailath-Pokorny et al., 2012; 
Studholme, 2011).  These studies have provided basic information about 
morphologic development in terms of global and regional tissue volume growth and 
emergence of cortical folding and gyrification, as well as the development and 
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maturation of white matter tracts.  Older studies of tissue growth relied on the 
analysis of reconstructed 2D slices, while more recent approaches have utilized 
more sophisticated 3D reconstruction and mapping (Studholme, 2011).  These 
studies have delineated normative growth curves of global and regional tissue 
volumes, including lateral ventricle volume in the developing fetus (Clouchoux et al., 
2012; Rajagopalan et al., 2011; Scott et al., 2011, 2012). MRI studies of postmortem 
fetal brain samples have also shed light onto gray and white matter and lateral 
ventricle developmental trajectories, as well as and their relationship to histologic 
studies conducted in the same tissue (Huang et al., 2006; Kinoshita, Okudera, 
Tsuru, & Yokota, 2001; Kostović & Jovanov-Milošević, 2006; H. Meng et al., 2012; 
Rados, Judaš, & Kostović, 2006; Vasung et al., 2010). 
Studies of cortical folding and gyrification in the developing fetal brain find that 
major sulci appear between 20 and 28 weeks, and that the gyrification index 
increases rapidly in the third trimester (Clouchoux et al., 2012; Habas et al., 2012; 
Rajagopalan et al., 2011). Our group and others have shown that overall gyrification 
at birth is very similar to that observed in adults (Li, Nie, Wu, et al., 2012); thus 
patterns of gyrification are well established at birth.  Interestingly, peri-syvian 
asymmetries in volume are developing by 23 weeks (Habas et al., 2012).  
Diffusion tensor imaging (DTI) has also been used to study the development 
of fetal white matter in utero (Kasprian et al., 2008; Schneider et al., 2007; Zanin et 
al., 2011) and in postmortem specimens (Huang et al., 2009; E. Takahashi, Folkerth, 
Galaburda, & Grant, 2012; Trivedi et al., 2009). Many limbic, association and 
projection pathways are present by the end of the first trimester at 13 weeks, with 
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the corpus callosum arising at 15 weeks; most major tracts are present by 19 weeks 
(Huang et al., 2006, 2009). Shorter corticocortical pathways were first evident in 
occipital and parietal regions at week 17 and are evident though out the brain at 
week 31; adult-like patterns are present by 38-40 weeks (Takahashi et al., 2012). 
This pattern of development of corticocortical pathways is similar to the development 
of gyrification and suggests that the two processes are related (Takahashi et al., 
2012). There appears to be a stable relationship of DTI measures of microstructure 
among white matter tracts in the fetal period; for example the splenium was found to 
have the highest FA compared to the genu and internal capsule (Kasprian et al., 
2008; Zanin et al., 2011). It is very interesting that this relationship is observed in our 
studies in the neonate and infant (Geng et al., 2011) as well as in late adolescence 
(Lobel et al., 2009).  Thus, these overall patterns of microstructure among white 
matter tracts arise during fetal brain development and persist through childhood into 
adulthood.  Interestingly, the superior longitudinal fascicle is not prominent even at 
birth.   
In summary, MR studies of fetal brain development indicate the basic 
structure of gray and white matter arises very early in brain development.  Adult 
patterns of cortical folding and gyrification are present by birth, as are most white 
matter tracts.  This suggests that many of the abnormalities of gray and white matter 
observed in psychiatric illness may arise very early, before birth and indicates that 
preventive strategies need to focus on prenatal brain development. 
 
Imaging Early Postnatal Brain Development  
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Most imaging studies of human brain development have focused on 2 transition 
periods: 1) the transition from late childhood to adolescence during the puberty and 
2) the transition from adolescence to early adulthood.  There have been very few 
studies of early childhood brain development, a time of rapid growth and 
development, and a period of risk for neurodevelopmental and psychiatric disorders.  
Understanding this critical period of development has become a high priority for 
neurodevelopmental research.  In this section we will review prior studies in older 
children and summarize studies we have conducted in the first two years of life as 
part of the Early Brain Development Study at University of North Carolina-Chapel 
Hill.  
Total brain volume demonstrates a very small curvilinear, inverted U-shaped 
pattern from age 4 to 18 with an initial increase followed by a slight decrease (Brain 
Development Cooperative Group, 2012; Giedd et al., 1996; Lenroot et al., 2007). By 
5 years of age, the human brain is roughly 90% of adult volume (Brain Development 
Cooperative Group, 2012).  Across all age ranges studied, total brain volume is 
approximately 10% larger in males than females. This finding is also supported by 
many imaging and postmortem studies (Dekaban & Sadowsky, 1978; Lenroot et al., 
2007; Reiss, Abrams, Singer, Ross, & Denckla, 1996). Maximum volume of the brain 
is generally reached by adolescence, between the ages of 12 and 15 years of age, 
after which total brain volume steadily declines through early and middle adulthood 
(Courchesne et al., 2000). 
 
 
 27 
Overall Brain Volumes 
 
Imaging studies conducted under the Early Brian Development Study have 
shed light on the global developmental processes occurring in the human brain 
during early postnatal growth. In the first two years of life, there is a dramatic 
increase in overall brain size.  Total brain volume at 2-4 weeks after birth is roughly 
36% the size of the adult brain, yet reaches roughly 72% of adult size by the end of 
the first year.  This amounts to a 101% increase in total brain volume in the first year 
alone (Knickmeyer et al., 2008).  During the second year of life, total brain volume 
increases from 72% of adult size to roughly 83% of adult size. As is evident, the 
increases in brain volume in the second year of life are much smaller than those 
seen in the previous year.  There is only a 15% increase in total brain volume in the 
second year of life (Knickmeyer et al., 2008).  
Gray Matter 
 
Findings from late childhood and early adolescence have found regionally 
specific non-linear pre-adolescent increases followed by post-adolescent decreases 
in gray matter.  A similar “inverted-U” pattern is seen in both cortical and subcortical 
gray matter and exhibit clear gender differences (Giedd et al., 1999; Gogtay, Giedd, 
et al., 2004; Lenroot et al., 2007; Sowell et al., 2003). Cortical gray matter growth 
demonstrates distinct regional differences with a posterior-to-anterior pattern of 
growth; sensory areas reach peak gray matter volume earlier than association and 
higher-cognition areas.  This pattern is consistent with postmortem studies of 
neuronal and synapse development, suggesting that gray matter volume is related to 
regional synaptic density and dendritic complexity.  This pattern of gray matter 
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growth also mirrors the general acquisition of functional processes related to a 
specific cortical region. 
Earlier studies utilized gray matter density to approximate gray matter growth 
and thinning. These studies found somataosensory and visual regions matured prior 
to higher-order association cortices (Gogtay, Giedd, et al., 2004; Sowell et al., 2003).  
More recent studies focus on the two principal components of cortical gray matter 
volume, cortical thickness and cortical surface area.  Cortical thickness is defined as 
the depth of the cortical sheet at any given point.  Cortical thickness has been shown 
to exhibit similar regionalized differences, with sensorimotor regions exhibiting 
slower rates of growth and earlier peak volumes than higher order association 
cortices (Bhardwaj et al., 2006; Sanai et al., 2011; Shaw et al., 2008). In children 
aged 5 to 11, Sowell et al (2004) found that cortical thickness decreases with age, 
except in perisylvian regions bilaterally, where it increases (Sowell, Thompson, 
Leonard, et al., 2004).  In contrast, in a much larger study, Shaw et al, (2008) found 
cortical thickness increasing in most cortical areas from age 6 through adolescence, 
though some areas, including posterior orbitofrontal, medial temporal cortex, and 
medial occipitotemporal cortex, exhibited linear decreases in cortical thickness from 
age 6 onward,.  Areas of the cortex that are isocortical (majority of the cortex), tend 
to have a more complex, cubic pattern of growth and thinning compared to regions 
of allocortex, regions that are evolutionarily older, such as cerebellum.  Allocortical 
regions have cortical thickness that tends to grow at a more linear pattern of growth 
(Shaw et al., 2008).  A recent study found coordinated patterns of cortical thickness 
maturation across the cortex, with fronto-temporal regions having the strongest 
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coupling of growth, while sensory cortices had the least (de Graaf-Peters & 
Hadders-Algra, 2006).   
Cortical surface area is defined as the overall surface area of the cortical 
sheet.  In older children and adolescents, there are distinct gender differences in 
cortical surface area, but not in cortical thickness (Raznahan et al., 2011).  Cortical 
thickness tends to reach peaks value earlier than cortical surface area (roughly ~8 
years and ~9 years, respectively) (Huttenlocher, 1990; Raznahan et al., 2011).  The 
study of these principal components of cortical volume has come to the forefront of 
the current research fields as cortical thickness and surface area have been shown 
to have different genetic predictors and are also differentially affected in 
neurodevelopmental disorders (Eyler et al., 2011).  
In early childhood, there is robust growth of hemispheric gray matter, 
increasing almost 150% in the first year of life (Knickmeyer et al., 2008).  
Interestingly, white matter volume increases at much slower rate – only 11% in the 
first year of life; thus the large increase in overall brain volume in the first year 
seems to be driven mainly by gray matter growth.  This increase in cortical gray 
matter has a high degree of regional variability across the brain, ranging from 62% to 
154% (Gilmore et al., 2011).  Primary sensorimotor regions tended to grow less than 
other regions in the first year, consistent with the notion that these regions were 
more mature at birth compared to other regions (Gilmore et al., 2011).  Subcortical 
gray matter, which refers to gray matter contained in structures such as the 
thalamus, amygdala and basal ganglia, increased 130% in the first year, contributing 
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to the large overall increase mentioned previously (Gilmore et al., 2011; Knickmeyer 
et al., 2008).  
In the second year, there is significant, but slower gray matter growth.  
Hemispheric gray matter increased 14% in the second year of life and also exhibited 
less variability in growth rates across the brain, with regions increasing by only 9% to 
28% (Gilmore et al., 2011; Knickmeyer et al., 2008).  Regional specificity of growth 
still reflected the same pattern as in the previous year; sensorimotor regions display 
slower rates of growth than association cortices, which were increasing in volume 
more rapidly in the second year.  Subcortical gray matter also only increased 14% in 
the second year of life (Knickmeyer et al., 2008). 
We recently generated the first longitudinal surface-based atlases of human 
cortical structures from birth to 2 years studied longitudinal cortical surface 
expansion (Li, Nie, Wang, et al., 2012).  In the first year, the cortical surface area 
expands dramatically, with the average expansion of 1.64 times, with an expansion 
of 1.2 times in the second year.  Overall, regions of high expansion in the first two 
years include frontal, parietal and temporal association areas, reflecting the pattern 
of sensory and motor regions maturing before association areas.  In addition, cortical 
folding patterns were very similar at birth, 1, and 2 years, consistent with prior 
postmortem and imaging studies (Fischl et al., 2007; Hill, Dierker, et al., 2010a; Van 
Essen, 1997; Xu et al., 2010) that found adult-like patterns at birth.  
 Other recent studies within the lab included an analysis of longitudinal 
gyrification development between birth and 2 years of age (Li et al., 2014).  
Gyrification index (GI) was found to have marked age-related development with a 
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16.1% increase in the first year and a 6.6% increase in the second year (Li et al., 
2014).  Local gyrification index (LGI) was also found to be regionally heterogeneous, 
with areas of the greatest growth found in association cortices, while low-growth 
areas were localized to primary cortical regions such as the sensorimotor, visual and 
auditory cortices (Li et al., 2014). LGI growth was positively and significantly related 
to brain growth over the first two postnatal years, particularly within the prefrontal 
cortex in the first postnatal year (Li et al., 2014). Gender differences were also 
found, with males have greater GI than females(Li et al., 2014). 
 Prominent cortical asymmetries were also present early in cortical 
development, with large asymmetries seen in the peri-sylvian gyrus and superior 
temporal sulcus at birth (Li, Nie, Wang, Shi, Lyall, et al., 2013).  These asymmetries 
evolved modestly from birth to 2 years of age, with males have larger magnitudes 
and asymmetry clusters than females (Li, Nie, Wang, Shi, Lyall, et al., 2013).  
Finally, our lab has conducted the first analysis to characterize longitudinal 
development trajectories of cortical thickness and surface area from birth to two 
years. The results from this analysis are presented in Chapter 2.  
White Matter 
 
The rapidly emerging field of magnetic resonance imaging (MRI), especially 
diffusion tensor MRI (DTI) (Basser, Mattiello, & LeBihan, 1994; de Graaf-Peters & 
Hadders-Algra, 2006; Le Bihan et al., 2001), has made it possible to study white 
matter maturation in vivo. DTI provides substantial insights into white matter 
pathways in the living brain by measuring water diffusion properties in brain tissue. 
Diffusion anisotropy, such as fractional anisotropy (FA), and apparent diffusion 
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coefficients, such as mean (MD), axial (AD), and radial diffusivity (RD), are common 
diffusion measurements to characterize fiber structural features. These 
measurements are possible indicators of axonal organization and degree of 
myelination (Beaulieu, 2002; Hidalgo & Booth, 2000; Huppi et al., 1998; J. J. Neil et 
al., 1998; J. Neil, Miller, Mukherjee, & Huppi, 2002; Song et al., 2002). Three main 
processes are thought to crucially influence diffusion measurements changes during 
development (Dubois, Hertz-Pannier, Dehaene-Lambertz, Cointepas, & Le Bihan, 
2006; Raper & Mason, 2010): 1) fiber organization in fascicles, which would lead to 
decreased RD and increased AD, and therefore increased FA but relatively 
unchanged mean diffusivity; 2) the proliferation of glial cell bodies and intracellular 
compartments (cytoskeleton, etc), associated with a decrease in RD and AD and 
unchanged FA; 3) axonal myelin synthesis that would correspond to decreased RD 
and unchanged AD and therefore increased FA. 
DTI together with fiber tractography (Conturo et al., 1999; Vasung et al., 
2010) has been used in many recent white matter development studies, mainly in 
childhood and adolescence (Asato, Terwilliger, Woo, & Luna, 2010; Brody et al., 
1987; X. Q. Ding et al., 2008; Hasegawa et al., 1992; Kinney et al., 1988; Lebel, 
Walker, Leemans, Phillips, & Beaulieu, 2008; Schmithorst, Wilke, Dardzinski, & 
Holland, 2002; Snook, Paulson, Roy, Phillips, & Beaulieu, 2005; Verhoeven et al., 
2010). Results show that white matter maturation continues into young adults with 
increasing FA and decreasing RD.  
A few MRI studies reveal similar general spatial and temporal maturation 
sequences as postmortem observations. A study of early white matter maturation 
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focused on one–to-four-month old healthy infants (Brody et al., 1987; Dubois et al., 
2006; Hasegawa et al., 1992; Kinney et al., 1988) and revealed that diffusion indices 
are correlated with age for most but not all fiber tracts. This study classified fiber 
bundles to different maturation stages where anterior limb internal capsule (ALIC) 
and cingulum mature slowest, followed by optic radiations, inferior longitudinal and 
arcuate fascicles, then by spino-thalmaic tract and fornix, and the cortico-spinal tract 
mature fastest.  
We have shown that maturation of corpus callosum and cortico-spinal white 
matter proceeds rapidly in neonatal brains after birth (Gilmore, Lin, Corouge, et al., 
2007; Huppi et al., 1998). Our ROI-based study with three-week to two-year-old 
infants found consistent spatiotemporal development of white matter with increase in 
FA and decrease in AD and RD, moreover, the second year change of diffusion 
indices are more subtle compared to the first year change (Gao, Lin, et al., 2009). 
We have conducted the largest study of early white matter development to date in 
211 healthy young children from birth to age two (Geng et al., 2011). Ten fiber 
pathways including commissure, association and projection tracts (21 tracts in total) 
were examined with tract-based analysis, which provided more detailed and 
continuous spatial developmental patterns compared to conventional ROI based 
methods. All fiber tracts show increasing FA (16.1-55.0%) and decreasing RD (24.4-
46.4%) and AD (13.3-28.2%) in the first two years of life, and FA and RD have larger 
changes than AD. The changing rates of the diffusion indices are faster in the first 
year than the second year for all tracts. Callosal tracts have lower myelination 
degree and more organized axonal structures than other tracts in neonates, and 
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exhibit larger RD changes in the first year. Projection tracts including motor and 
sensory tracts achieve higher maturation degree at birth and develop more slowly 
than other tracts. Association tracts continuously have lower maturation degree in 
the first two years. Tract-based analysis revealed different local developmental 
patterns of each fiber bundle. For example, callosal bundles show larger FA 
changing rates in central regions than peripheral regions. Motor and sensory tracts 
show larger FA and RD changing rates in sites close to cortical regions compared to 
sites close to cerebral peduncle. The gender effects on the diffusion measures are 
small.  
Microstructural characteristics of white matter fiber bundles have been 
described in relation to diseases (multiple sclerosis, schizophrenia), developmental 
disorders (cerebral palsy, autism), and cognitive capacities (language, working 
memory) (Karlsgodt et al., 2008; Le Bihan et al., 2001; Mukherjee et al., 2002; 
Schmithorst, Wilke, Dardzinski, & Holland, 2005; Wolff et al., 2012). These 
investigations have reported differences in white matter characteristics associated 
with information processing speed, cognitive control, language, reading/literacy, and 
arithmetic competence, among other skills. Thus, there is a need to study how and 
when the structural characteristics of white matter influence the formation of 
cognitive functions.  We have conducted a study to investigate the association 
between short-term visuospatial working memory performance and the putative 
neural circuits underlying this cognitive capacity in 12-month-old infants.  Using 
quantitative tractography of DTI data, our study found robust relationships between 
infants' working memory and microstructural characteristics of widespread white 
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matter (Short et al., 2012).  Significant associations were found for white matter 
tracts that connect brain regions known to support working memory in older children 
and adults. Better working memory scores were significantly associated with higher 
FA and lower RD values in these selected white matter tracts. These strong tract-
specific brain-behavior relationships accounted for a significant amount of individual 
variation above and beyond infants' gestational age and developmental level, as 
measured with the Mullen Scales of Early Learning (Short et al., 2012).  
The first 2 years of life are also a critical developmental period for non-cortical 
structures. Imaging studies conducted as part of the Early Brian Development Study 
(UNC) reveal that the cerebellum increases by a striking 240% in the first year of life 
and increases by 15% in the second year.  The volume of the subcortical area 
(including brainstem) increases by 130% in the first year and by 14% in the second 
year.  In fact, when adjusting for total brain volume (TBV), the subcortical region and 
cerebellum continued to show significant increases from birth to age 1, whereas the 
cortical hemispheres decreased as a proportion of TBV, indicating that the 
cerebellum and subcortical structures are growing at a particularly rapid rate relative 
to the whole brain in the first year.  Between age 1 and age 2, only the cerebellum 
continued to show a significant increase when normalized for TBV (Knickmeyer et 
al., 2008).  Although the relations between regional rates of growth and development 
of specific cognitive functions remains to be clarified, area size can influence 
performance of modality specific behaviors (Leingartner et al., 2007).  The 
cerebellum plays an important role in motor coordination and balance (Bastian & 
Thach, 2002).  Thus, early cerebellar growth may promote the rapid motor 
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developments of infancy. The marked growth of the cerebellum in the first year also 
suggests that this may be a time of heightened vulnerability of the cerebellum, which 
shows preferential susceptibility to environmental insults such as alcohol, lead, and 
anoxia (Welsh et al., 2002).  Postnatal neurogenesis of cerebellar Purkinje cells may 
be related to this environmental susceptibility and to the volume growth we 
observed. 
Considering individual subcortical structures, in the first year of life total 
volume increases at a similar rate (between 104% and 107%) across diverse 
structures, except for the hippocampus, which grows at a slower rate of 82–86% 
(Gilmore et al., 2011).  This could indicate a relatively later development of cognitive 
functions linked to the hippocampus including spatial (Burgess, Maguire, & O’Keefe, 
2002; Maguire, Frackowiak, & Frith, 1997) and episodic memory (Burgess et al., 
2002; Goldberg, Torrey, Berman, & Weinberger, 1994; Tulving & Markowitsch, 
1998). In the second year, there was more variability in the growth rates, with the 
smallest volume increases in the putamen (approximately 8%) and the largest 
increases in the palladium and hippocampus (approximately 18%).  Regarding 
development of these structures in later childhood, the NIH MRI Study of Normal 
Brain Development, a cross-sectional study of 325 children between the ages of 4.5 
and 18 years, suggests that the cerebellum follows an inverted u-shaped trajectory 
similar to cortical gray matter. No age effect was observed for total subcortical 
volume, but when considering individual structures, thalamus volume increased with 
age while caudate and globus pallidus volume decreased with age.  The putamen 
showed no age-effects. Brainstem volume showed a nonlinear increase with age 
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(Brain Development Cooperative Group & Group, 2012). A study of 171 individuals 
between the ages of 8 and 30 showed linear decreases of the caudate, putamen, 
pallidum, accumbens and nonlinear increases in the amygdala and hippocampus. 
The same study showed a linear decrease of cerebellar GM and a nonlinear 
increase in cerebellar WM (Ostby et al., 2009). Functionally distinct regions of the 
hippocampus, with distinct cortical inputs, appear to have distinct trajectories of 
anatomical development with the majority of the posterior region increasing across 
childhood and the majority of the anterior region decreasing (Gogtay et al., 2006). 
The cerebral lateral ventricles are one of the most prominent structures that 
can be reliably identified on an MRI scan. Studies of lateral ventricle volume in late 
childhood and adolescence have shown that lateral ventricle volume increases 
slowly with age (Jernigan et al., 2001; Lenroot et al., 2007; Ostby et al., 2009; 
Sowell, Trauner, Gamst, & Jernigan, 2002).  The mean volume fraction of the total 
ventricle volume and the total brain volume has been shown to be 1.12% in the first 
decade and increases up to 3.37% in the last decades of life (Akdogan, Kiroglu, 
Onur, & Karabuluti, 2010).  In the first year of life, the lateral ventricle volume 
increases over 100%, while volume increases only slightly in the second year 
(Gilmore et al., 2011; Knickmeyer et al., 2008). 
Functional Imaging of Resting State Networks 
 
Recent developments in neuroimaging technologies have provided 
opportunities to examine human brain resting state networks that can be reported 
without a task.  In their seminal study, Biswal and his colleagues (Biswal, Yetkin, 
Haughton, & Hyde, 1995) found regions of temporally correlated activity in the 
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resting brain.  Subsequent studies have identified multiple resting state networks of 
correlated activity at rest.  One network that has received much attention is the 
default network, a network that is engaged during episodic memory retrieval, 
introspection, and self-referential processing (Raichle et al., 2001).  The default 
resting state network consists of the ventral/dorsal medial prefrontal cortex (v/d 
MPFC), posterior cingulate cortex/retrosplenial (PCC/Rsp), inferior parietal lobule 
(IPL), lateral temporal cortex (LTC), and hippocampus regions (HF) (Fransson, 
2005; Greicius et al., 2008; Mazoyer et al., 2001; Raichle et al., 2001).  Alterations in 
resting state networks, including the default mode network, have been implicated in 
many neuropsychiatric disorders including Alzheimer’s disease, dementia, 
depression, schizophrenia and autism (Beaumont & Dimond, 1973; Friston, 1998; 
Greicius, 2008; Sorg et al., 2007).  Resting states studies are ideal for studies of 
functional networks in children that are unable to cooperate with more traditional 
task dependent studies.  Resting state networks are present even in sleep and 
under anesthesia, suggesting they reflect a fundamental coordination of activity 
across the brain independent of consciousness (Greicius et al., 2008; Vincent et al., 
2007).  
There has been great interest in the development of resting state networks in 
infants and children (reviewed in Power, Fair, Schlaggar, & Petersen, 2010; Smyser, 
Snyder, & Neil, 2011). Comparison of studies children is complicated by the state of 
the child during acquisition – lightly sedated, in a natural sleep, or awake and by 
recent findings that motion, if not corrected, can significantly alter observed networks 
(Van Dijk, Sabuncu, & Buckner, 2012).  Overall, studies find that that networks 
 39 
supporting motor and sensory functioning are well developed by age 5-8 years, 
while networks supporting high-order cognitive functioning, including the default 
mode network, were detectable, but immature (de Bie et al., 2012; Fair et al., 2008; 
Zielinski, Gennatas, Zhou, & Seeley, 2010).  Studies in infants young children find 
intrinsic resting state networks are present at birth, especially sensory networks 
(Gao et al., 2011; Gao, Zhu, et al., 2009; Lin et al., 2008).  A recent in vivo fetal 
imaging study even found that occipital and lateral prefrontal networks were present 
from 20-36 weeks (Schöpf, Kasprian, Brugger, P. C., & Prayer, 2012). 
Gordon and his colleagues (2011) studied the resting state network activities 
to understand the underlying mechanisms of coordinated activity during childhood. 
In this study, the authors recorded brain activity in 9–13-year-old children with 
diffusion tensor imaging (DTI) and resting-state fMRI and reported a positive 
relationship between mPFC-PCC connectivity and fractional anisotropy of the 
cingulum bundle.  In addition, they found that this positive relationship between 
mPFC-PCC connectivity became stronger with age.  
Our group has also studied the development of resting state networks from 
birth to age 2 years, and confirmed the existence of resting state functional 
connectivity over the visual and sensory motor cortices reported by Fransson and 
his colleagues (Fransson et al., 2007, 2009) and revealed that these networks 
develop as a function of the age.  Our studies indicate that there is a primitive and 
incomplete default network in 2-week-old infants that was adult-like by age two years 
and included MPFC, PCC/Rsp, inferior parietal lobule, lateral temporal cortex, and 
hippocampus regions (Gao et al., 2012; Gao, Lin, et al., 2009).  Of interest, the 
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PCC/Rsp was observed for all age groups and was central to the strongest 
connections of the default network.  This suggests that the PCC/Rsp hub is present 
very early in development (Gao, Lin, et al., 2009).  Gao and his colleagues (Gao et 
al., 2011) also studied the development of overall network topology in the first two 
years of life and found that the infant brain already possesses small world 
topography, and efficiency of the network connections increase substantially in the 
first 2 years of life.  Coordination and interactions between resting state networks 
likely reflect an even higher order integration of brain function, than the individual 
networks themselves.  In adults, activity in the default mode network and the dorsal 
attention network is anti-correlated.  We studied the development of this anti-
correlation and found that it was not present in the neonatal period, but that it was 
evident by age 1 and was further enhanced by age 2 (Gao et al., 2012).  In 
conclusion, it appears that functional resting state networks, including sensory and 
higher-order networks such as the default network and the dorsal attention network 
are present by age 2 years, and that complex interactions between networks are 
also developed by age 2.  
Gender Differences in Brain Development 
 
There is a great deal of evidence for sexual dimorphism in the human central 
nervous system during both adulthood and childhood, although there is some debate 
as to whether this is independent of body, head, and total brain size.  The best-
replicated findings are greater volume of the cerebrum in males (Caviness, 
Kennedy, Richelme, Rademacher, & Filipek, 1996; De Bellis et al., 2001; Giedd et 
al., 1996; Giedd, Castellanos, Rajapakse, Vaituzis, & Rapoport, 1997; Gogtay, 
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Giedd, et al., 2004; Goldstein et al., 2001; Lenroot et al., 2007; Nopoulos, Flaum, & 
Andreasen, 1997; Reiss et al., 1996; Sowell et al., 2003); higher proportion of gray 
matter to white matter in females (J. S. Allen, Damasio, Grabowski, Bruss, & Zhang, 
2003; Gur et al., 1999), relatively greater volume of the amygdala (Caviness et al., 
1996; Good et al., 2001), putamen, and pallidum (Rijpkema et al., 2012) in males 
and relatively greater volume of the caudate (Caviness et al., 1996; Giedd et al., 
1996, 1997) and hippocampus (Caviness et al., 1996) in females.  The largest study 
of children and adolescents carried out to date reports that only occipital gray matter, 
putamen, and cerebellum differed significantly by sex after adjusting for total brain 
volume; all being relatively larger in males (but note that neither the hippocampus 
nor the amygdala was included in this report) (Brain Development Cooperative 
Group, 2012). A large voxel-based morphometry study also suggests that adult 
males and females show localized differences in cortical gray matter volume. In this 
study, females had increased grey matter volume adjacent to the depths of both 
central sulci and the left superior temporal sulcus, in right Heschl's gyrus and planum 
temporale, in right inferior frontal and frontomarginal gyri and in the cingulate gyrus. 
Males had increased gray matter volume bilaterally in the medial temporal lobes 
(including hippocampus, amygdala, entorhinal and perirhinal cortex), in the anterior 
lobes of the cerebellum, and in the right putamen (Good et al., 2001). A study of 
peripubertal children reported some similar findings: females had increased gray 
matter in planum temporale/parietal operculum, posterior lateral orbitofrontal cortex, 
and anterior cingulate and males had larger volumes in some areas of the amygdala 
and putamen. This study also reported sexual dimorphisms that were not present in 
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the adult: females had larger volumes in the medial prefrontal cortex, precuneus, 
and superior parietal lobule. Males had larger volumes in the hypothalamus, ventral 
tegmental area, dorsolateral prefrontal cortex, and visual cortex. Intriguingly, some 
of these areas also showed significant associations with amniotic testosterone levels 
suggesting an early developmental origin (Lombardo et al., 2012). 
Males and females also differ in specific developmental trajectories of brain 
growth.  A longitudinal study of brain development from early childhood to young 
adulthood reveals that total cerebral volume peaks earlier in girls (11.5 years) than it 
does in boys (14.5 years) (Giedd et al., 1999), a pattern which may relate to the 
earlier onset of puberty in females (Fechner, 2003).  Cortical gray matter volume, 
peaks at age 9.3 for males and 8.0 for females.  Cortical surface area peaks at 9.7 
year in males and at 8.1 in females, whereas overall cortical thickness shows a 
relatively minor sex difference (ages 8.6 male, 8.4 female) (Raznahan et al., 2011). 
Accelerated development in females is also seen when gray matter volumes in the 
frontal and parietal lobes are examined separately (though the exact ages vary 
depending on the lobe), but is not seen when gray matter volumes in the temporal 
and occipital lobes are examined.  White matter increases linearly across this age 
range, but with a smaller increase in females. Regarding subcortical structures, the 
caudate nucleus, like gray matter volume in the frontal and parietal lobes, follows a 
U-shaped curve with volume in girls peaking earlier than that of boys (Giedd et al., 
1999).  An earlier cross-sectional analysis by the same group, suggested that the 
amygdala grows at a faster rate in boys; while the hippocampus grows at a faster 
rate in girls (Giedd et al., 1997). Sex differences in brain development during 
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adolescence may be related, in part, to circulating sex steroid levels (Peper, Hulshoff 
Pol, Crone, & van Honk, 2011). Sex differences in brain development during 
childhood, when the gonads are essentially quiescent (Fechner, 2003), could result 
from the unfolding of developmental processes set in motion by prenatal or neonatal 
androgen exposure, the differential expression of genes on the sex chromosomes, 
or experiential factors associated with sex. 
Diffusion tensor imaging, being a younger methodology, has not been as 
extensively applied to the study of sex differences.  However, it seems reasonable 
that well-replicated sex differences in the volume of the structures discussed above 
would be reflected in the structure of white matter tracts that carry information to and 
from them.  In adults, there have been reports of sex differences in DTI parameters 
in the corpus callosum (Menzler et al., 2011; Shin et al., 2005; Westerhausen, 
Grüner, Specht, & Hugdahl, 2009), frontal lobe white matter (Szeszko et al., 2003), 
cingulum (Huster, Westerhausen, Kreuder, Schweiger, & Wittling, 2009; Menzler et 
al., 2011), and thalamus (Menzler et al., 2011). In adolescence, boys have been 
reported to have higher FA in frontal, parietal, and occipito-parietal white matter and 
lower MD values in occipital-parietal regions (Schmithorst, Holland, & Dardzinski, 
2008). Herting et al (Herting, Maxwell, Irvine, & Nagel, 2012) also reported that 
males had higher FA and lower MD across multiple brain regions. In contrast, Bava 
et al (Bava et al., 2011) found no regions of higher FA or lower MD in males during 
early adolescence. Females had higher FA in the right superior corona radiate and 
bilateral corticospinal tracts and lower MD in the right inferior longitudinal fasciculus 
and forceps major. There may be important sex-by-age affects during the pubertal 
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transition potentially related to pubertal status and sex steroid exposure (Herting et 
al., 2012). 
Data on sex differences in brain development during infancy and toddlerhood 
are extremely limited. Sex differences in global brain tissue volumes are present in 
neonates, with males having 7.8% larger ICV than females. This is comparable to 
sex differences in birth weight (9.42%), but remains significant when correcting for 
birthweight. Sex differences in ICV reflect sex differences across multiple tissue 
types and compartments. Neonatal males have 10.2% more cortical gray matter, 
6.4% more cortical white matter, and 7.8% more subcortical gray matter volumes 
than females (Gilmore, Lin, Prastawa, et al., 2007a). In addition, a deformation-
based morphometry study of neonates being carried out in the context of the UNC 
Early Brain Development studies reveals extensive areas of local sexual 
dimorphism. In particular, males have larger volumes in medial temporal cortex and 
rolandic operculum and females have larger volumes in dorsolateral prefrontal 
cortex, motor cortex, and visual cortex (Knickmeyer et al., 2008). This pattern is 
quite different from that reported in the VBM studies of adults and peripubertal 
children discussed previously, suggesting that sex differences in local cortical 
structure vary in a complex and highly dynamic way across the human lifespan. 
Males continue to have larger ICV (Knickmeyer et al., 2008) and regional gray 
matter volumes (Gilmore et al., 2011) at 1 year and 2 years of age. In a longitudinal 
study of gray matter development from birth to age 2; males and females showed 
highly similar growth trajectories in the vast majority of brain regions examined 
(Gilmore et al., 2011).  The exceptions were bilateral Heschl’s gyrus, pallidum, 
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parahippocampus, and supplementary motor area, all growing more quickly in 
males. Total white matter also increased at a greater rate in males. As regards white 
matter microstructure in the neonate, a relatively small study of healthy preterm 
neonates at term equivalent age suggests that female neonates have relatively 
larger tract volumes in the parieto-temporal superior longitudinal fasciculus and in 
the left corticospinal tract. The authors speculate that differences in the SLF may 
mediate a female advantage in language development and that differences in the 
CST may be related to the greater incidence of right-handedness in females (Y. Liu 
et al., 2011). Longitudinal studies that incorporate detailed developmental 
assessments are necessary to test mechanistic hypotheses about the relationship 
between sex differences in brain development, cognitive function and psychiatric 
risk. 
Twin Studies 
 
Twin studies provide important insights into the genetic basis of phenotypic 
variation of the human brain.  The degree to which genes and environment generate 
individual differences in early brain development is of fundamental importance in 
understanding developmental trajectories during childhood, and may help the early 
identification and prevention of various neurodevelopmental disorders (Gilmore, 
Schmitt, et al., 2010; Schmitt et al., 2007).  Studies of adult twins show that genes 
play a significant role in the variability of global brain volumes including total 
intracranial, total gray and white matter volumes (Peper, Brouwer, Boomsma, Kahn, 
& Hulshoff Pol, 2007; D Posthuma et al., 2000; Schmitt et al., 2007) and local 
regional gray and white volumes (Hulshoff Pol et al., 2006; Thompson, Cannon, et 
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al., 2001).  Baaré et al. (2001) used structural equation twin modeling to determine 
the relative contributions of genes and environment to brain structures and found 
that variance in whole brain, gray matter and white matter volumes were all strongly 
influenced by genetic factors (0.9, 0.82, and 0.88 respectively), and in a multivariate 
twin model, that genes influencing white matter and gray matter white volumes 
overlap to a large degree (Baare, Hulshoff Pol, et al., 2001).  Other brain measures, 
such as cortical thickness and surface area are also highly heritable in adults 
(Panizzon et al., 2009; Schmitt et al., 2008).  Not only structure, but also the “default-
mode” network  and cognitive function such as working memory (Blokland et al., 
2011; Karlsgodt et al., 2010; Koten et al., 2009) have been shown to relate to 
genetic factors using functional magnetic resonance imaging (fMRI).   DTI studies in 
adults reveal high heritability of microstructure in the genu and splenium of the 
corpus callosum (Pfefferbaum, Sullivan, & Carmelli, 2001) as well as in white matter 
of the frontal, parietal and occipital lobes (Chiang et al., 2009).   
Studies in older children which found that overall heritability of global 
structures in children are similar to that observed in adults, with heritability estimates 
for total cerebral volume of 0.89–0.91, gray matter volume 0.77–0.82, and for white 
matter volumes of 0.84–0.85 (Peper et al., 2009; Wallace et al., 2006). Heritability 
estimates for the lateral ventricle was also very low at 0.31–0.35, and heritability 
estimates for cerebellar volume was 0.49, lower than that seen in adults.  A 
multivariate analysis revealed that the majority of variation in the cerebrum, 
cerebellum, thalamus and basal ganglia was due to a single genetic factor; common 
environmental effects contributed significantly to the lateral ventricles, basal ganglia, 
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and thalamus (Schmitt et al., 2007).  It also appears that and cortical structural 
networks are also heritable in older children (Schmitt et al., 2008).  DTI studies in 
twins during older childhood have found DTI measures of white matter 
microstructure are influence by genetic factors that can vary with age and white 
matter tract (Brouwer et al., 2010, 2012; Chiang et al., 2009). 
Little is known about genetic and environmental contributions to human brain 
development in the early years of life.  We analyzed 91 twin pairs and 35 unrelated 
singleton twins (Gilmore, Schmitt, et al., 2010) and found heritabilities of total 
intracranial volume (0.73) and total white matter volume (0.85) were high and similar 
to those reported in older children and adults, while grey matter volume heritability 
was lower (0.56).  We also found regional heritability differences in gray matter 
volume with the more rapidly developing posterior regions more heritable than later 
developing frontal regions, suggesting that heritability increases with maturation.  
We also studied the heritability of white matter tracts in a group of 173 neonates 
(Geng et al., 2012) found that heritability of global diffusion properties in white matter 
tracts were higher than that observed in adults.  Interestingly, we found tract specific 
differences in heritability that was related to the maturation of the tract:  the more 
mature the tract, the less heritable is its variation.   
Method Development To Assist in Early Infant Imaging Studies  
 
 Acquiring, processing and analyzing MRI scans from the first two years of life 
presented various obstacles that are not commonly experienced in the processing of 
MRI adult scans. Many of the tools that are publicly available for the processing of 
MRI data are almost exclusively for adult analyses.  Additionally, most methods have 
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difficulty dealing with some of the problems inherent in imaging a very young 
pediatric population such as poor signal-to-noise ratio, low image quality, and 
motion.  However, novel methods have been developed that tackle these concerns 
and are briefly discussed below. These cutting-edge methods have allowed the field 
to make great strides in understanding early structure development.  
Image Acquisition 
 
 In 2002, John H. Gilmore created the Early Brain Development Study (EBDS) 
and optimized image acquisition protocols for early infant imaging. Previous to this 
study, it had been believed that the scanning of infants would be too difficult to 
acquire usable MRI data. However, to date, EBDS has recruited and scanned 798 
neonates, 523 one year olds and 412 two year olds. Additionally, EBDS has 
excellent longitudinal participation; EBDS currently experiences only a ~10% dropout 
rate between imaging sessions. The success rate in attaining usable MRIs is also 
extremely high: 96.25% at 2 weeks, 83% at 1 year, and 72% at 2 years. In fact, the 
protocols developed by EBDS have garnered much attention and our study 
coordinators have trained individuals from multiple universities across the country. 
  As the scans are performed un-sedated, families were encouraged to schedule 
their visits during the infants’ nap times. At the time of the scan, infants were fed, 
swaddled, fitted with ear protection, and had their heads placed in a Vac-Fix 
immobilization device within the MRI head coil. A physician or nurse was present for 
neonatal scans, and a pulse oximeter monitored heart rate and oxygen saturation. 
During the scanning session, a series of structural images are acquired (T1, T2, DTI) 
as well as resting state functional MRI.  The scanning session takes approximately 
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10 minutes for the structural T1 and T2 scans that are used in the following studies.  
MRI Acquisition Protocol.  The primary goal behind the Early Brain Development 
Study was to create a large longitudinal database of pediatric images, with the 
principle focus on the early postnatal years.  To accomplish this goal, MRI 
sequences for T1- and T2-weighted scans were created so that a single image 
acquisition protocol could be used at neonate, 1 year, and 2 years and beyond.  By 
creating a single image acquisition protocol, MRI images within a single subject 
could be reliably compared to itself and others in the study over time.  The MRI 
sequences for T1- and T2-weighted scans were generated to provide optimal 
contrast between tissues over the course of early development.  
 Due to increased water content within neonatal brains (Counsell & Rutherford, 
2002), T2-weighted scans provide better intensity contrast between tissue types 
than T1-weighted scans at birth.  T1-weighted scans, however, are preferred at the 1 
and 2 year time points because the tissue intensity difference from T1-weighted 
sequences is better at distinguishing between tissue types at that age.   
 The reason for this is that tissue contrasts at birth for gray matter and white 
matter are inverted compared to tissue contrasts seen at 1 or 2 years of age(Dietrich 
et al., 1988).  At birth, the neonatal brain contains 92-95% water which decreases 
within the first two postnatal years (Counsell & Rutherford, 2002) The water is 
primarily localized within the gray matter, giving gray matter a brighter intensity than 
the white matter (Dietrich et al., 1988). The white matter-gray matter contrast 
inversion is seen within the first 6 months of postnatal life.  T2-weighted scans are 
more appropriate to use during this time period because T2-weighted sequences are 
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more sensitive to distinguishing between tissue types when there is high water 
content. The T2-weighted sequence utilized in the EBDS contained two echoes, the 
first echo acquires a proton-density image then the second echo acquires the T2-
weighted image.  The additional proton density image provides additional anatomical 
information without extending the acquisition time.   
 Between ~7 months to 12 months after birth, gray matter and white matter 
exhibit isointensity, meaning that the intensity of gray matter and white matter 
overlap, making it very difficult to distinguish between tissues. After ~12 months of 
age, white matter and gray matter intensity profiles become distinct from one 
another and take on an adult like pattern. In the EBDS, MRI visits are scheduled at 1 
year of age and therefore scans are not affected by the transient isointensities of 
gray matter and white matter. As stated previously, T1-weighted scans are primarily 
used at 1 and 2 years of age.  The MRI sequence utilized in the EBDS study is 
similar to that of an adult scan. The principle difference between the T1-sequence 
utilized in this study and an adult study is a longer inversion time.  The slightly 
extended inversion time (adult: ~ 800 ms; EBDS: 1100 ms) is utilized in order to 
provide the most contrast between tissues during early development. 
 As mentioned previously, the aim of this study was to utilize a single protocol 
for T1- and T2-weighted scans that would be used at all points in the study.  The use 
of a consistent imaging protocol is critical for clinical research but also presents a 
small drawback: MRI sequences are designed to work across time, not for a specific 
time point, and therefore may not be the best available for each specific time point.  
However, these sequences have been optimized to be specifically suited for the 
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complexities of longitudinal pediatric image acquisition and analysis and have 
proved to be novel additions to the scientific community.  
 Motion artifacts are another legitimate concern. Despite minimizing scanning 
time, motion artifacts are a consistent problem across all age ranges studied. Motion 
artifacts are known to affect both volumetric and surface-based results, specifically 
cortical thickness. In order to ensure that our studies include the best scans, quality 
control steps are carried out on each MRI scan. Each scan is graded on a 4-point 
scale which determines whether or not the scan has no motion (1), mild motion (2), 
moderate motion (3), or severe motion (4) (Blumenthal et al 2002). Scan are also 
visually checked for hyper-intensities, signal loss, ringing, and other imaging artifacts 
present in MRI. Other steps, such as bias field and N3 corrections, are also done to 
ensure that the skewed intensity profiles and scanner artifacts are not affecting the 
segmentation results.  
Image Analysis 
 
Many image analysis methods have been adapted or created for use in 
pediatric imaging populations. Below, a few examples are described that have been 
utilized in this dissertation.  
Skull Stripping. 
 Preprocessing steps are vital to ensure accuracy in imaging data and one of 
the most important steps is skull stripping.  Neonatal MRI images present problems 
for skull stripping. Due to the small brain size at 2 weeks of age, there is not as 
much space between the skull and the pial surface. Despite the high intensity of the 
skull on the MRI image, lower image quality in neonatal T1 and T2 images can make 
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skull stripping difficult. As such, a learning-base meta-algorithm for pediatric brain 
extraction (LABEL) was employed for all of the following studies (Shi et al 2012). 
Individual skull stripping methods utilize brain masks to separate brain tissue from 
non-brain tissue. In a method-dependent and parameter-dependent manner, 
individual methods can either generate masks that are too large or too small.  To 
overcome this, training data was processed using permutations of all parameters 
combinations from two freely available brain extraction algorithms, BET and BSE.  
This generates parameter maps with thousands of parameter combinations for each 
training data set, which are used to create a database to which most suitable 
parameter combinations could be referred.  When a new image is introduced, it is 
compared to the training data in order to determine a number of training images are 
most similar to the new image. The parameters of these images are then fused 
using a level-sets to create a “probabilistic” brain mask that classifies voxels as 
either having a high or a low probability of being brain tissue or skull. Finally, a level-
set method is then utilized, aided by the probabilistic brain mask, to find determine 
boundary between brain tissue and skull, after which the skull is subsequently 
removed.  Experimental results clearly demonstrate the effectiveness of this method 
over other brain extraction techniques for accurate and robust skull stripping in 
pediatric populations (Shi et al 2012).  
 
Joint Segmentation and Registration. 
 Segmentation of infant MRIs has also been identified as a concern. As stated 
before, neonatal images tend to have insufficient spatial resolution, low image 
contrast, and indistinct tissue intensity distributions that affect the quality of most 
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segmentation algorithms’ results. However, two of the following studies utilize a 
novel 4 dimensional (4D) segmentation algorithm that allows for the consistent 
longitudinal segmentation of infants with scans at neonatal, 1 year and 2 year of age 
(Wang et al 2013). In this method, as opposed to utilizing an atlas, later-time point 
images are used as priors to guide the segmentation of the earlier time point images 
within each subject, thereby creating “subject-specific” priors. This provides more 
accurate segmentation results than those that are generated from an atlas created 
by randomly sampled images and ensures that individual differences are not lost. In 
this method, an adapted fuzzy c-means algorithm is first used to segment the 2-year 
image while coupled level sets are used to segment the neonatal (or 1 year old) 
image. The results of the 2-year segmentation initialization are then registered to 
that of the neonatal initialization using a nonlinear registration algorithm called 
HAMMER (Shen & Davatzikos, 2002). This registration is guided by the fact that the 
cortical gyrification pattern within each individual is present at birth and is preserved 
throughout development (Chi et al 1977), and therefore can be used to more 
accurately register each individual’s late time point image to his or her earlier time 
point image. The final step is a longitudinally guided level sets that utilizes the 
boundaries for white matter-gray matter and gray matter-cerebrospinal fluid that 
were created by the previous segmentation steps. These boundaries, which are 
governed by both a distance constraint and a longitudinal constraint, are then 
inflated or deflated until they are within an acceptable range. For instance, if the 
distance or longitudinal constraints are lower than the lowest acceptable value, then 
the boundary surface will inflate and vice versa. The distance constraint puts 
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limitations on how thick the cortical surface can be while the longitudinal restraint is 
determined by boundary information from late time point image. By performing this 
whole procedure of joint segmentation and registration, the longitudinal images can 
be eventually segmented, and the correspondences across images can be obtained. 
This method has been validated on both simulated and real neonatal MRI images 
and has been shown to be more effective than other cutting-edge segmentation 
methods when analyzing pediatric populations. 
Pediatric Atlases. 
 As stated before, studies of infants have limits because of insufficient image 
contrast, specifically in neonatal scans. The use of atlases can provide prior 
information that guides data processing steps such as tissue segmentation, 
especially in for cross-sectional studies. Atlases that are publically available are 
more appropriate for studies of adults (Evans et al 1993; Mazziotta et al 2001).  
Using an adult atlas for an infant study would introduce accuracy problems for image 
analysis On the other hand, infant atlases were not well developed, few atlases were 
created for normal neonate images, and most are missing parcellation maps 
(Kazemi et al 2007; Kuklisova-Murgasove et al 2010; Altaye et al 2008; Gousias et 
al 2008). To overcome this limitation, infant atlases were generated for neonate, 1 
years and 2 years of age based on preprocessed longitudinal infant images. These 
atlases were generated from a group of 95 subjects with complete longitudinal scans 
from neonate, 1 year and 2 years. Novel longitudinal segmentation algorithms paired 
with group-wise registration techniques were employed to construct the age-specific 
atlases at each age (Wang et al 2013; Shen and Davatzikos, 2002). Results guided 
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by these atlases have been show to outperform other atlases in infant-related 
studies (Shi et al 2011).  The 1 and 2-year-old atlases were utilized in the high-risk 
analysis included in Chapter 5 of this dissertation, as longitudinal data was not 
available for that dataset. 
 
Parcellation. 
 When conducting region-of-interest (ROI) analyses, use of parcellation maps is 
required. However, most of the parcellation maps currently available are based on 
adults.  For example, the widely used brain atlas called Automated Anatomical 
Labeling (AAL) map is delineated manually by expert on a young adult based on 
anatomical patterns of gyri and sulci (Tzourio-Mazoyer et al., 2002). Instead of 
directly warping this atlas to infant subjects, we use indirect fusion approach to 
propagate the AAL map to our infant subjects. First, we use the 2-year-old image of 
the same subject as intermediate image for guiding the propagation to 1-year-old 
and neonatal images, which could significantly reduce the registration error. Second, 
the parcellation maps of all subjects in each age are obtained and then fused to 
generate the final age-specific parcellation atlas by voxel-wise majority voting. The 
resulting infant AAL parcellation would facilitate the following studies, such as 
localizing the regions-of-interest to map the volume changes of specific anatomical 
regions. 
Overall Conclusions and Clinical Implications 
 
The promise of neuroimaging for improving the clinical care of people with 
psychiatric illness has yet to be realized.  While imaging studies have identified 
many structural and functional abnormalities in children and adults with psychiatric 
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illness, and have provided a significantly improved understanding of the underlying 
brain abnormalities associated with psychiatric diseases, the abnormalities tend to 
be subtle and non-specific in the context of significant individual variability.  Recent 
studies have driven home the fact that psychiatric illnesses are very complex, 
heterogeneous illnesses, with shared and non-specific symptomatology and multiple 
and overlapping genetic and environmental risk factors.  In the face of such 
heterogeneity, it is not surprising that biomarkers, including imaging biomarkers 
have been hard to come by.  The recent attempts by the National Institutes of Mental 
Health to reframe the study of psychiatric illness using disorder-blind constructs of 
brain function (i.e. attention, fear, reward, social dominance) are based on current 
knowledge of brain circuits and seek to make biomarkers more easy to identify 
(RDoC; (Insel, 2010))   
It is becoming clear that most neurodevelopmental and psychiatric disorders 
have their origins in early childhood and even in prenatal brain development, and are 
the end result of abnormal trajectories of early childhood brain development (Bale et 
al., 2010; Insel, 2010; National Advisory Mental Health Council Workgroup on 
Neurodevelopment: Transformative Neurodevelopmental Research in Mental Illness 
(http://www.nimh.nih.gov/about/advisory-boards-and-
groups/namhc/neurodevelopment_workgroup_report.pdf), 2008). The abnormal 
developmental trajectories that underlie psychiatric disorders are contributed to by 
the additive and interactive effects of perhaps hundreds of risk genes and multiple 
environmental risk factors, each with small individual effects.  This complexity 
represents a critical barrier to progress in understanding the causes of, and 
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developing treatments and preventive strategies for, these illnesses.  Perhaps the 
best hope to understand and prevent complex disorders such as schizophrenia or 
autism is to focus on the developmental trajectory itself, the final common 
pathway(s) to which multiple genetic and environmental risk factors contribute 
(Gilmore, 2010; Gilmore, Kang, et al., 2010).  It has increasingly been recognized 
that trajectories of structural brain development are more informative and predictive 
than static, cross-sectional measures; for example the relationship of brain structure 
to IQ (Shaw et al., 2006) and attention deficit/hyperactivity disorder (Shaw et al., 
2007).  It has been proposed that developmental trajectories could be considered 
endophentypes (Giedd & Rapoport, 2010).  Thus imaging developmental trajectories 
holds the promise not only of identifying underlying pathophysiology but also serving 
as biomarkers of risk for early identification and intervention. 
Imaging has recently been applied to study very early brain development in 
children at risk for psychiatric illness, and has even begun to elucidate abnormal 
developmental trajectories.  We studied neonatal brain structure in children at 
genetic risk for schizophrenia and found enlarged lateral ventricles and increased 
cortical gray matter volumes in males, while there were no differences in females 
(Gilmore, Kang, et al., 2010).  Recently “slower” developmental trajectories of white 
matter tract fractional anisotropy from 6 months to 2 years have been observed in 
children in children who develop autism (Wolff et al., 2012).  These studies suggest 
that alterations in very early postnatal, and even prenatal brain development is 
present in psychiatric disorders, and refocuses the need for more study of brain 
development in this critical time period. 
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Our group has been interested in the use of prenatal ventricle volume as a 
prenatal biomarker of abnormal brain development and increased risk for psychiatric 
illness.  Isolated mild ventriculomegaly (MVM) is clinically defined as a lateral 
ventricle width of greater than 10 mm (measured at the atrium) in the absence of 
other brain abnormalities, and has been associated with developmental delays and 
other abnormal neurodevelopmental and psychiatric outcomes (Gilmore et al., 1998, 
2001).  We conducted a prospective study of children with prenatal isolated mild 
ventriculomegaly and found that ventricle enlargement, typically identified in mid to 
late second trimester, predicts ventricle enlargement in the neonatal brain; this 
enlargement is associated with increased gray matter volumes and abnormalities of 
DTI measures white matter microstructure (Gilmore et al., 2008).  Ventricle 
enlargement persists and is evident on MR scans at ages 1 and 2 years, and 
continues to be associated with enlarged gray matter volumes (Lyall et al., 2012).  
Children with MVM had evidence of delays in fine motor and expressive language 
development as well (Lyall et al., 2012).  These studies suggest that mild 
enlargement of the lateral ventricles on prenatal ultrasound may be a biomarker of 
abnormal brain structure and development that persists through early childhood and 
may increase risk for psychiatric disorders associated with lateral ventricle 
enlargement.  MVM offers an example of how early imaging might be used to 
identify children at risk.   
The challenge then is to identify children at risk, identify periods of risk and 
rapid brain development, periods of optimal intervention, and ultimately what the 
interventions should be.  Postmortem and imaging studies indicate that by birth 
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much of the structure of the brain is well developed.  The 6-layered fetal cortex has 
been established and neurogenesis is largely complete.  Cortical gyrification 
patterns at birth show a high degree of similarity to adult patterns of gyrification and 
the axonal projections that will be the foundation of the primary white matter tracts in 
the brain are present.  Thus the picture is emerging that overall cortical structure and 
“hard wiring” of the brain is well established at birth. 
Early postnatal structural brain development consists of robust gray matter 
growth, driven by large increases in synapse numbers and dendritic complexity, and 
maturation and myelination of white matter tracts that were largely formed prenatally.  
After the first few years of life, the bulk of structural brain development, as well as 
that of fundamental resting state networks, appears to be largely complete.  While 
there is clearly further structural development through later childhood and adulthood, 
it is much less than that of the first two years of life.  By age 2 years, the structural 
stage is largely set for future learning, neuroplasticity, and “fine tuning” of major 
structural connections already in place.  Thus, we believe that the first two years of 
life are critically important for establishing the infrastructure for future cognitive 
development, are likely a major critical or sensitive period for psychiatric disorders 
risk, and suggest that the window for effective interventions may need to be before 
the age of two years.  This notion is supported by a study of abandoned children 
placed in foster care; children placed before the age of 2 years had significant gains 
in cognitive development, while those placed after age two had less gains, indicating 
a critical period of development prior to age 2 (Nelson et al., 2007). 
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Further studies are needed to better define early childhood developmental 
trajectories and their relationship to cognitive and behavior development.  
Understanding how genetic and environmental risk factors for psychiatric illness 
impact early developmental trajectories will also be critical for understanding how 
abnormalities in early development contribute to risk for psychiatric disorders.  
Ultimately, this information will allow us to identify children at risk and to develop and 
time early interventions that reduce the severity of, or even prevent, these disorders. 
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CHAPTER 3:  DYNAMIC DEVELOPMENT OF REGIONAL CORTICAL 
THICKNESS AND SURFACE AREA IN EARLY CHILDHOOD1 
 
Introduction 
 
Cortical thickness and surface area are important components of cortical 
structure and are related to normal development and aging, cognitive functioning, as 
well as to neuropsychiatric disease.  Abnormalities of cortical thickness and surface 
area are commonly observed in neurodevelopmental disorders, including 
schizophrenia (Rapoport et al., 2012; Rimol et al., 2012), autism (Courchesne et al., 
2007; Hazlett et al., 2012), and attention deficit-hyperactivity disorder (Shaw et al., 
2007, 2012).  Cortical thickness has been positively linked to IQ as well as the 
general factor of intelligence (g) in healthy individuals in late childhood, adolescence 
and adulthood (Karama et al., 2011; Narr et al., 2007).  Developmental trajectories 
of cortical thickness in frontal regions have been shown to be predictive of cognitive 
outcomes in typically developing children and adolescents (Shaw et al., 2006).   
The first two years of life are an exceptionally dynamic period of structural 
and functional development in the human brain.  The infant brain reaches 80% of 
adult volume by age 2 years, with a doubling of cortical gray matter volume in the 
first year of life (Gilmore et al., 2011; Knickmeyer et al., 2008).  Increasing evidence 
                                            
1 This paper previously appeared as an article in Cerebral Cortex. The original citation is as 
follows: Lyall AE, Shi F, Geng X, Woolson S, Li G, Wang L, Hamer RM, Shen D, Gilmore 
JH. 2014. Dynamic Development of Regional Cortical Thickness and Surface Area in Early 
Childhood. Cereb Cortex (In Press). 
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suggests that many neurodevelopmental and psychiatric disorders are the result of 
abnormal brain development in this stage of rapid cortical growth in early childhood, 
though very little is known about cortical thickness growth and surface area 
expansion in this important period.  Previous studies of childhood development of 
cortical thickness have been limited to late childhood and adolescence, and find that 
cortical thickness generally peaks around puberty and thins thereafter, exhibiting a 
regionally heterogeneous pattern in which association cortices reach peak values 
after sensory or motor cortices (Shaw et al., 2008; Sowell, Thompson, & Toga, 
2004). Studies of surface area have found a 2 to 4-fold expansion between infancy 
and adulthood (Hill, Dierker, et al., 2010), with regionally heterogeneous expansion 
in the first two years of life (Li, et al., 2013).  Peak overall surface area is reached in 
late childhood, similar to cortical thickness (Raznahan et al., 2011). The trajectory of 
cortical thickness in later childhood is less clear as some studies find cortical 
thickness peaks around puberty at age 8 or later (Raznahan et al., 2011; Shaw et 
al., 2006), though others indicate that cortical thickness peaks earlier (T. Brown et 
al., 2012; Sowell, Thompson, Leonard, et al., 2004).  
This study is the first comprehensive investigation of longitudinal development 
of cortical thickness growth and surface area expansion from birth to 2 years of age 
using 3T magnetic resonance imaging (MRI) scans.  We employed a novel image 
analysis approach that utilized subject-specific atlases that allowed for longitudinal 
registration and segmentation of scans in this challenging period of rapid growth and 
changing tissue contrasts.  Our primary aim was to characterize the healthy 
developmental trajectories of regional cortical thickness and surface area in the first 
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two years of life and to determine the proportion of lifetime cortical growth that 
occurs in the first two years of life by comparing 2 year olds to healthy adults.  We 
also studied the relationship between cortical thickness growth and surface area 
expansion during infant brain development and explored gender differences in 
longitudinal growth patterns. 
Methods 
 
The Institutional Review Board of the University of North Carolina at Chapel 
Hill approved this study. Subjects were part of large prospective studies of early 
childhood brain development in healthy singletons and twins (Gilmore et al., 2011; 
Gilmore, Kang, et al., 2010; Gilmore, Lin, Prastawa, et al., 2007a; Knickmeyer et al., 
2008). Subjects were recruited prenatally and scanned shortly after birth, and at 
ages 1 and 2 years, and assessed with the Mullen Scales of Early Learning at 1 and 
2 years of age (Mullen, 1995). Children with a complete sets of successful 
longitudinal scans were included in this study; exclusion criteria were 1) gestational 
age at birth less than 32 weeks, 2) stay in the neonatal intensive care unit for more 
than 1 day, 3) abnormality on MRI other than a minor intracranial hemorrhage, 
common in the neonatal period (Looney et al., 2006), 4) major medical or neurologic 
illness after birth or 5) Mullen Early Learning Composite score of < 71 (Mullen, 
1995). 
The primary study population consists of 40 typically developing singletons 
and a replication population consisting of 31 typically developing “single” twins 
randomly selected from pairs. Thirty-seven subjects (20 singletons; 17 twins) were 
included in in a previous analysis of regional gray matter development (Gilmore et 
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al., 2011) and vertex-based analyses of surface area expansion and structural 
cortical asymmetries (Li, Nie, Wang, et al., 2012; Li, Nie, Wang, Shi, Lyall, et al., 
2013).  Adult subjects (n=44) were part of a previous study of adult brain 
development (Bullitt et al., 2005).  Demographic information for the two infant 
cohorts and the adult cohort can be found in Table S1.  
2.1 Image Acquisition 
 
 Image were acquired on a Siemens head-only 3T scanner (Allegra, Siemens 
Medical Systems, Erlangen, Germany). Children were scanned un-sedated while 
asleep, fitted with ear protection and with their heads secured in a vacuum-fixation 
device. T1-weighted structural pulse sequences were a 3D magnetization prepared 
rapid gradient echo (MP-RAGE TR = 1820 ms, inversion time = 1100 ms, echo time 
= 4.38 ms, flip angle = 7°, resolution = 1x1x1 mm3). Proton density and T2-weight 
images were obtained with a turbo-spin echo sequence (TSE, TR = 6200 ms, TE1 = 
20 ms, TE2 = 119 ms, flip angle = 150°, resolution = 1.25x1.25x1.95 mm3). For 
neonates who failed or were deemed likely to fail due to difficulty sleeping, a “fast” 
T2 sequence was done with a 15% decreased TR, smaller image matrix and fewer 
numbers of slices (5270ms, 104 x 256 mm, 50 slices); 28 T2 fast-scans (14 
singleton; 14 twin) were performed. Potential differences resulting from the T2 scan 
sequences were controlled using a covariate in the statistical modeling.  
 Adult scans taken on the same 3T scanner were provided by the CASILab at 
The University of North Carolina at Chapel Hill and were distributed by the MIDAS 
Data Server at Kitware, Inc. (Bullitt et al., 2005).  T1-weighted structural imaging 
used a 3D spoiled gradient echo pulse sequence, Fast Low Angle Shot (FLASH TR 
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= 14 msec, TE = 7.7 ms, flip angle = 25°, resolution = 1x1x1 mm3).  T2-weighted 
images were obtained with a turbo-spin echo sequence (TSE, TR = 7780 ms, TE= 
80 ms, flip angle = 180°, resolution = 1x1x1 mm3).  
2.2 Image Analysis  
 
All images in this study were visually checked and rated for motion artifacts 
using a 4-point visual scale none (1), mild (2), moderate (3), severe (4)] based on 
Blumenthal et al (2002) (Blumenthal, Zijdenbos, Molloy, & Giedd, 2002). Of the 213 
pediatric scans in the study, 150 (70.5%) had no motion artifacts, 47 (22%) had mild 
motion artifacts, 16 (7.5%) had moderate motion artifacts and no scans had severe 
motion artifacts. Our average motion artifact rating for this study was 1.37 for both 
samples and 1.41 and 1.31 for singletons and twin cohorts, respectively. 
Images were resampled into 1x1x1 mm3 resolution, skull-stripped, and then 
had the cerebellum and brain stem removed (Shi, Wang, et al., 2012).  Automated 
segmentation of neonatal brain images remains a challenging problem due to low 
tissue contrast, low spatial resolution and high within tissue intensity variability.  
Segmentation of neonatal images is specifically challenging due to image signal 
contrast changing dramatically from birth to 2 years of age (Dietrich et al., 1988; 
Prastawa, Gilmore, Lin, & Gerig, 2005).  In order to overcome these challenges, a 
novel longitudinally guided level-set based method specifically designed for 
consistent image segmentation of gray matter, white matter and cerebrospinal fluid 
(CSF) during infancy was jointly applied on T2-weighted images from neonates and 
T1-weighted images from 1 and 2 years olds (Wang et al., 2013). Major steps 
include: (1) performing an adaptive fuzzy c-means segmentation algorithm on both 
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the neonate/1year and 2 year old images of the same subject, which integrates both 
bias correction and tissue classification into a single framework; (2) using of coupled 
level sets for initial neonatal segmentation and (3) applying longitudinal information 
from later time points using nonlinear HAMMER registration (Shen & Davatzikos, 
2002) to guide the neonatal/1year image segmentation. Utilization of later time point 
images to guide neonatal segmentation provides increased accuracy and produced 
more longitudinally consistent results. Subject-specific priors allow for less 
anatomical variability with the to-be-segmented image than previously employed 
methods utilizing atlases generated from randomly selected images (Wang et al., 
2013).  
Inner and outer cortical surfaces were first constructed using the process 
described in Li et al (2012) with the inner cortical surface defined by the interface 
between white matter and gray matter and the outer cortical surface is defined by 
the interface between gray matter and CSF (Li, Nie, Wu, et al., 2012). The surface 
reconstruction includes the following steps: (1) performing topology-correction of 
white matter to ensure a spherical topology; (2) utilizing the Marching cubes method 
to convert the boundary of the corrected white matter to an explicit surface 
representation; (3) applying the deformable surface method driven by a force 
derived from the Laplace’s equation to obtain the refined inner surface and outer 
surface. Cortical thickness (CT) and surface area (SA) were measured after the 
surface reconstruction. The cortical thickness for each vertex was computed as the 
average value of the minimum distance from inner to outer surfaces and the 
minimum distance from outer to inner surfaces.  
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A prior 90-region parcellation atlas (76 cortical and 14 subcortical regions; 
(Tzourio-Mazoyer et al., 2002)) was transformed to infant space (Shi et al., 2011) 
and used to generate surface-based regions of interest (ROIs). The neonate, 1-year 
and 2-year parcellation atlas images were registered to individual subjects with 
nonlinear HAMMER registration and atlas label maps were transformed accordingly. 
Cortical ROIs were first projected onto the inner cortical surface and then mapped to 
the outer cortical surface to obtain surface-based ROIs. The average cortical 
thickness and surface area were calculated within each ROI. All adult images were 
processed with the same algorithm using the original atlas on adult space without 
the temporal constraint. Total cortical volume is defined as the volume of the 
cerebrum, as the cerebellum and the brain stem were removed during processing.  
To validate the cortical surface measure computation results, a single rater 
(AEL) performed 14 manual segmentations (5 at neonate, 5 at 1 year and 4 at 2 
year). Cortical thickness and surface area values and were compared to those 
generated from the automated segmentation. Intraclass correlations (ICC) were 
calculated for whole brain and regional cortical thickness and surface area. Whole 
brain ICC for CT and SA were 0.975 and 0.986, respectively. ICCs for all 76 cortical 
regions averaged 0.87 for CT (range: 0.40 to 0.98) and 0.91 for SA (range: 0.39 to 
0.99). Heat maps of ICCs across cortical brain regions are presented in Figure S1. 
One region had no correlation between manual segmentations for cortical thickness 
measurements: the left middle temporal pole.  
2.3 Statistical Analysis   
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All statistical analyses were performed using SAS statistical software, version 
9.3. For demographic variables, frequency distributions were calculated for 
categorical variables, and means (standard deviations) were calculated for 
continuous variables. The least squared means (standard error) were also 
calculated for the 76 regions of interest for cortical surface measures, cortical 
thickness and surface area. Mixed models were used to calculate the least-squared 
means for cortical thickness and surface area in the 76 regions of interest at years 0, 
1, and 2, and corresponding percent changes for years 1 and 2. An autoregressive 
covariance structure was used, as data was longitudinal. The mixed models included 
neonatal total cortical volume, year, gender, neonatal T2 scan status (fast versus 
routine), and the interaction between gender and year as covariates. Neonatal total 
cortical volume is the sum of all gray, white and cerebrospinal fluid labels from the 
segmentation subtracting the cerebellum.  All statistical hypothesis tests were two-
tailed and conducted at a significance level of 0.05.  P-values were not corrected for 
multiple comparisons, as this study is primarily hypothesis generating; all 
comparisons were analyzed in the replication sample of single unpaired twins.   
Linear relationships between SA and CT growth rates were analyzed by 
calculating correlations between growth rates for each year. For the comparison of 
CT and SA values between 2 year olds and adults least squares means were 
calculated in a model, which included age at MRI, and gender. Rates of change 
between genders were compared using a longitudinal model that included gender, 
year, total neonatal cortical volume and the interaction between gender and year as 
covariates. Intraclass correlations were calculated for the validation analysis 
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between the automated segmentation algorithm and the manual segmentations and 
can be seen in Figure S1 (Shrout & Fleiss, 1979; Simpson, Phillips, Lensing, & 
Hamer, 1998). 
Results 
 
Cortical Thickness Growth 
 
Cortical thickness growth was studied in 40 typically developing children (22 
male, 18 female) with longitudinal MRI scans done at approximately 3 weeks, 1 and 
2 years of age (Table S3.1).  We confirmed our results in a second cohort of 31 
children (15 male, 16 female) from a related study of twin brain development (Table 
S3.1). Plots of average global cortical thickness and total global surface area for all 
children included in both cohorts can be see in Figure S2.  
There are marked regional differences in cortical thickness in neonates; these 
regional variations are generally consistent from birth to 2 years (Figure 3.1A, Table 
S3.2).  Thinnest cortices include primary sensory and motor cortices such as the 
precentral gyrus, postcentral gyrus, paracentral lobule, olfactory gyrus, Heschl’s 
gyrus and many regions in the occipital lobe (Figure 3.1A, Table S3.2).  Thicker 
cortices include the medial superior frontal gyrus; the superior, medial, middle, and 
inferior orbitofrontal gyrus; the superior and middle temporal poles and the insula 
(Figure 3.1A). 
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Figure 3.1. Regional Growth of Cortical Thickness and Surface Area Over Time.  
(A) Cortical thickness anatomical LS means at neonate (blue), 1 year (red), 2 years (green) and adult 
(black); (B) Surface area anatomical LS means at neonate (blue), 1 year (red), 2 years (green) and 
adult (black). Only left hemispheric ROIs are shown; ROIs for both cortical thickness and surface area 
exhibited symmetry. Quantitative results can be found in Table S2 (CT), Table S4 (SA), Table S8 
(Adult CT), and Table S9 (Adult SA). (Note: Surface area values are determined by the size of the 
ROI as defined by the parcellation atlas) 
There is robust and regionally heterogeneous growth of cortical thickness 
averaging 31% per ROI in the first year (range: -2.50% - 65.83%), and 4.3% in the 
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second (range -6.83 - 17.78%) (Figure 3.2A&B, Table S3.2).  Overall, from birth to 
2 years, cortical thickness increases an average of 36.08% (range 6.04% - 68.11%) 
(Figure 3.2C, Table S3.2). To better highlight the distinct regional differences in 
cortical thickness occurring during the second year of life, a supplementary figure 
was generated with a heat map more suitable for the range of growth occurring in 
this developmental time period (Figure S3.3). 
In the first 2 years of life, regions experiencing the greatest degree of cortical 
thickness growth (top 25%) include primary auditory cortex (Heschl’s gyrus, R 
superior temporal gyrus) and the Rolandic operculum, regions involved with speech 
and language development, as well as higher-order association areas such as the 
inferior frontal operculum, medial superior frontal gyrus. The insula and anterior and 
middle cingulate gyrus, components of the limbic system, were also among the 
fastest growing regions.  Regions experiencing the least amount of cortical thickness 
growth (bottom 25%) include primary somatosensory (postcentral gyrus) and 
sensory association (superior parietal gyrus) areas, multiple primary and secondary 
visual areas in the occipital lobe, and the middle temporal pole. Six regions 
experienced significant cortical thinning in the second year of life, including the left 
and right anterior cingulate gyrus, left and right middle cingulate gyrus, right gyrus 
rectus, and the left Rolandic operculum.  Regional patterns of CT growth were very 
similar in our replication sample (Table S3.3). Region of interest percent change 
comparisons between the singleton and twin cohorts show high correlations for both 
age ranges (Birth to 1 Year: r2 = .93; 1 to 2 Years: r2 = .88) and are presented in 
Figure S4. 
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Cortical Surface Expansion  
 
 There is also robust and regionally heterogeneous expansion of surface area, 
averaging 76.35% per ROI in the first year (range 15.46% - 120.50%), and 22.51% 
in the second (range 7.61% - 66.73%) (Figure 3.1B; Figure 3.2D&3E; Table S3.4). 
Overall, cortical surface area increases an average of 114.56% in the first two years 
of life (range 64.55% - 149.57%) (Figure 3.2F, Figure S3.3, Table S3.4). Figure 
S3.3 presents regional differences of 1 to 2 year change with a heat map that 
provides better visualization of the regional differences. High-expanding regions (top 
25%) in the first two years of life include regions in the lateral frontal lobes (superior, 
mid, and inferior operculum), lateral parietal (superior parietal and angular gyrus), 
mid orbital frontal, and occipital lobes (cuneus and superior occipital gyrus), as well 
as left Heschl’s and left inferior temporal gyri.  Low-expanding regions (bottom 25%) 
include multiple regions of the orbital surface of the frontal lobes, superior temporal 
poles, occipital regions (lingual, R calcarine, R fusiform) and the insula.  Overall 
surface area expansion in the first two years of life reflects growth rates in the first 
year in which the majority of expansion takes place.  Regional patterns of surface 
area expansion were very similar in our replication sample (Table S3.5). Region of 
interest percent change comparisons between the singleton and twin cohorts show 
high correlations for both age ranges (Birth to 1 Year: r2= .88; 1 to 2 Years: r2 = .84) 
and can be visualized in Figure S3.4. 
 
  
Figure 3.2. Early Cortical Surface Measures Development from Birth to 2 Years. Regional percent change for cortical thickness. (A-C) and surface 
area (D-F) from birth to 1 year (A, D), 1 to 2 years (B,E) and birth to 2 years (C,F). Warmer colors indicate larger percent changes cooler colors.  
Quantitative results can be found in Tables S2-5.  
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Gender Differences  
 
While this study is not adequately powered to detect sexual dimorphism, we 
explored gender differences in cortical thickness growth and surface area 
expansion.  At birth, the left fusiform gyrus was the only region with replicated 
significant differences in cortical thickness between males and females when 
controlling for neonatal total cortical volume (Table S3.6). There were no significant 
replicated differences in surface area (Table S3.6) There were no significant gender 
differences in cortical thickness growth rates between birth and 2 years of age for 
any ROI (Table S3.6).  For surface area, males had a significantly faster rates of 
surface area expansion compared to females in 7 ROIs: the left precentral gyrus, left 
superior frontal gyrus, left middle frontal gyrus, left olfactory gyrus, left insula, left 
superior parietal gyrus and right calcarine gyrus (Table S3.6).  In the second year, 
males had a faster rate of growth in the right middle temporal gyrus.  Our findings 
are consistent with a study by Raznahan and colleagues (Raznahan et al., 2011) 
that found gender differences in late childhood and adolescence were primarily 
driven by changes in surface area and not thickness (Raznahan et al., 2011).  
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Figure 3.3. Comparison of 2-Year-Old to Adult Cortical Surface Measure Values. Percent of adult 
values for cortical thickness (A) and surface area (B). For each ROI we calculated the percent of adult 
value at 2 years of age. Warmer colors indicate larger percent of adult values than cooler colors. 
Quantitative results can be found in Table S8 and S9. 
 
Comparison Analysis: 2-Year to Adult 
 Figure 1 clearly shows the spatial variation across the cortex tends to be 
generally set at birth and remains consistent through infancy into adulthood. Figure 1 
and Figure 3 also indicate that by 2 years of age, cortical thickness has generally 
reached adult-like values while surface area continues to grow into adulthood. To 
demonstrate the proportion of lifetime cortical growth that occurs in first two years of 
life, we compared cortical surface measures at 2 years of age to those of 44 healthy 
adults (21 males, 23 females, mean age at scan 29.44 years). As the adult cohort is 
different from the infant cohort and scanned with a different sequence, results from 
this analysis have limitations, however, do provide a general comparison of infant 
and adult brain structure. Average ROI cortical thickness at 2 years of age was 
97.1% of adult values (range 75.48% - 126.84%) (Figure 3.3A, Table S3.7).  Only 4 
regions had cortical thickness values significantly greater in 2 year olds than adults 
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(temporal poles and left superior orbital gyrus), while sixteen 2-year-old regions had 
significantly thinner cortical thickness than adult values, including many regions of 
the occipital lobe, the bilateral pre-and right post-central gyri, and right inferior 
temporal gyrus, and bilateral middle lateral frontal gyri.  In contrast to cortical 
thickness, surface area at 2 years of age averages 69.1% of adult values (range 
22.5% - 116.7%)  (Figure 3.3B, Table S3.8).  In 2 year olds, 57 of 76 cortical 
regions had significantly smaller surface area compared to adults; no 2-year-old 
regions had significantly larger surface areas.  These findings suggest that cortical 
thickness develops earlier than surface area and that overall cortical growth after 
age 1 is principally driven by increases in surface area. 
Relationships of Cortical Measures During Early Development 
 The relationship of how cortical thickness and surface area relates to overall 
cortical volume has not been studied in this developmental window. In Figure 4, log-
log plots demonstrate there is little to no relationship between cortical thickness and 
cortical volume. Conversely, there is a strong and significant relationship between 
total surface area and total cortical volume for both singleton and twin cohorts 
(Figure 3.4B). The similarity between the 3 cohorts of unrelated individuals across 
multiple time points suggests a fixed and constant relationship in healthy individuals 
between total cortical volume and total surface area.  The relationship of log(CV) to 
log(total SA) and log (mean CT) was compare to predicted scaling exponents - 1/3 
power of ICV for CT and 2/3 power of ICV for SA - as outlined in Im et al (2008).  In 
the combined sample, we found significant differences from the predicted scaling 
relationships for cortical thickness at all time points. There were also significant 
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differences from the predicted scaling relationship for surface area at neonate, 2 
years and adult and a trend level significance at 1 year (p = 0.06; Data not shown). 
 Similarly, the relationship between cortical thickness and surface area growth 
has not been studied in the first two years of life. The correlation between cortical 
thickness and surface area growth rates were calculated for each ROI (Table S3.9). 
Correlations of cortical thickness and surface area growth were non-uniform and 
highly variable across the cortex.  Overall, there were few regions with significant 
correlations and little replication in our twin sample, suggesting that cortical 
thickness growth and surface area expansion in the first years of life are not related 
(Table S3.9).  
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Figure 3.4. Relationship of Cortical Thickness and Surface Area to Cortical Volume. Raw data values 
for each cohort are plotted at each time point. A) The log-log relationship of mean cortical thickness to 
cortical volume is shown for neonate singletons (red), neonate twins (orange), 1-year singletons 
(blue), 1-year twins (pink), 2 year singletons (green), 2 year twins (purple) and adults (black). 
Regression analysis r2 values at neonate (Singleton: r2 = 0.0061; Twin: r2 = 0.1327), 1 year 
(Singleton: r2 = 0.0033; Twin: r2 = 0.0099), 2 year (Singleton: r2 = 0.0196; Twin: r2 = 0.0001), as well 
as in the adult cohort (r2 = 5.98E-5), are not significantly different from zero.  B) The log-log 
relationship of total cortical surface area to cortical volume is shown for neonate singletons (red), 
neonate twins (orange), 1-year singletons (blue), 1-year twins (pink), 2 year singletons (green), 2 year 
twins (purple) and adults (black). Linear regression r2 values at neonate (Singleton r2 = 0.7177; Twin 
r2 = 0.8691), 1 year (Singleton r2 = 0.5924; Twin r2 = 0.9324), 2 year (Singleton r2 = 0.8395; Twin r2 = 
0.9558) and adult (r2 = 0.8907) are each significantly different from zero (p < 0.0001). 
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Discussion 
 
Our results show that cortical thickness and surface area have distinct and 
regionally heterogeneous patterns of development that are exceptionally dynamic, 
especially in the first year of life.  Surface area expansion is more robust compared 
to cortical thickness growth, with an average expansion of 114.6% compared to 
36.1% for cortical thickness.  By age 2, cortical thickness is roughly 97.1% of adult 
values, compared to 69.1% for surface area.  This suggests that cortical thickness is 
relatively more established than surface area at birth. Our study also suggests that 
the majority of cortical thickness growth is complete by age 2, while cortical surface 
expansion accounts for most of cortical volume growth after 1 year of age. Regional 
patterns of cortical thickness and surface area growth were different from one 
another. The lack of clear regional correlations between cortical thickness and 
surface area growth indicates that different genetic, environmental and experience-
dependent processes likely drive the development of these two components of 
cortical volume. These results provide an improved framework for understanding 
abnormalities of cortical thickness and surface area observed in 
neurodevelopmental disorders as well as their potential relationship to cognitive and 
functional development. 
Overall regional patterns of cortical thickness in early postnatal life are similar 
to those observed in older children and adults.  Sensory and primary visual 
processing areas tended to have thinner cortices whereas thicker cortices tended to 
be in the medial frontal, temporal and orbital regions.  Similarities between our 
findings and previous postmortem (Economo & Koskinas, 1925) and imaging studies 
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(Fischl & Dale, 2000; Sowell, Thompson, Leonard, et al., 2004) indicate that the 
overall pattern of cortical thickness is established within the first year of life. Growth 
rates observed for cortical thickness in the first two years of life dwarf those 
observed later in childhood, with cortical thickness growing 31% in the first and 4.3% 
in the second year of life. Maximal annual rates of change in late childhood are 
about 0.5% (Raznahan et al., 2011).  Imaging studies in older children and 
adolescents indicate that cortical thickness displays regionally heterogeneous 
patterns of development with association cortices reaching peak values later than 
sensory or motor cortices (T. Brown et al., 2012; Shaw et al., 2008; Sowell, 
Thompson, Leonard, et al., 2004).  From birth to age 2 years, primary and 
secondary sensory cortices tended to be slower growing, while regions involved with 
speech and language, some higher order association areas, and the insula and 
cingulate cortex were faster growing.  We found that the left and right anterior 
cingulate gyrus, left and right middle cingulate gyrus, right gyrus rectus, and the left 
Rolandic operculum exhibited significant cortical thinning in the second year of life in 
both cohorts, suggesting that these regions may experience an early childhood wave 
of synaptic pruning prior to that already described in adolescence.  
Less is known about surface area expansion in childhood.  Hill and 
colleagues (Hill, 2010) found non-uniform 2- to 4-fold expansion between birth and 
adulthood; low-expanding regions included occipital, insular and medial temporal 
regions, while high-expanding regions included lateral temporal, lateral parietal and 
medial prefrontal regions (Hill, Dierker, et al., 2010). Our results are generally 
consistent with these findings, with the exception of the occipital lobe, in which we 
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found areas of both high and low expansion.  A vertex-based analysis of cortical 
surface area expansion from birth to 2 years of age in a sample that overlaps with 
this sample found similar patterns of cortical surface area expansion, including 
differential rates in the occipital lobe, supporting this ROI-based analysis (Li, Nie, 
Wang, et al., 2012). Mismatch between results for the temporal pole and caudal 
prefrontal cortices from the present study and the previous analysis by Li et al (2013) 
could be due to the decreased reliability of segmentations for the bilateral temporal 
poles and orbitofrontal cortices, two regions that are difficult to segment in young 
children (Kim et al., 2013) and regions that we found have low correlations between 
manual and automatic segmentations (Figure S3.1). Very little is known about 
region-specific surface area growth rates between ages 2 and adulthood.  Overall 
surface area has been shown to peak at 9.7 years in males and 8.1 years in females 
(Raznahan et al., 2011), suggesting that surface area expansion from the 69% of 
adult values we found at age 2 years, must occur between 2 years and 8-9 years of 
age at a considerably slower annual rate. Previous research has found that inter-
individual variation in adult brain size is almost exclusively due to surface area rather 
than cortical thickness (Pakkenberg & Gundersen, 1997), and our results 
demonstrate that these differences likely emerge very early in development. The 
appearance of early postnatal inter-individual differences within our study cohorts 
can be seen in Figure 4B, which clearly shows that individuals with larger total 
cortical volume have larger total cortical surface area at birth. Visual inspection of 
Figure S3.2 shows that individuals with larger surface area at birth continue to have 
relatively larger surface areas at age 1 and 2.  
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It has been estimated that adult human cortical gray matter volume is 
composed of 30% dendrites and 29% axons, while neuronal cell bodies, synapses 
and glial cells contribute only 7.8%, 6% and 14%, respectively (Bennett, 2011).  At 
birth, neurogenesis, cortical lamination and gyrification are largely complete and the 
rapid postnatal cortical thickness growth and surface area expansion are likely the 
result of increases in dendritic arborization, axonal elongation and thickening, 
synaptogenesis and glial proliferation. Synapse densities increase rapidly after birth 
with regional variability (Huttenlocher & Dabholkar, 1997).  Spine density in 
prefrontal cortex increases rapidly in early childhood, peaking at over 200% of adult 
values in later childhood (Petanjek et al., 2011).  The complexity of the basal 
dendritic tree of pyramidal neurons in prefrontal cortex also increases rapidly after 
birth, with segment numbers reaching adult values by 1 month of age, and dendrite 
elongation reaching adult values by 12-15 months for layer V neurons and 2.5 years 
for layer IIIC neurons (Petanjek et al., 2008).  Maturation of dendritic arborization 
and synapse and spine development are likely significant contributors to the 
increased cortical thickness and surface area observed on our study.  Other 
contributors would include glia cell proliferation and cortical axon development and 
myelination, though developmental studies in postnatal human cortex are lacking. 
The principal element of cortical architecture is the cortical column 
(Mountcastle, 1997). minicolumn (Buxhoeveden & Casanova, 2002; Rakic, 2009). 
Cortical thickness has been found to be evolutionarily conserved, exhibiting only a 
~2-fold increase compared to a mouse while cortical surface area exhibits a ~1000-
fold increase (Rakic, 2009). In humans, this dramatic cortical surface area expansion 
83 
compared to other species is due to the addition of minicolumns within the cortical 
surface (Buxhoeveden & Casanova, 2002; Rakic, 2009).  At birth, the mean width of 
the cortical minicolumn is ~ 13 μm, approximately one-third adult size 
(Buxhoeveden & Casanova, 2002), which is consistent with our results that find a 
111% expansion of surface area to 69% of adult values by age 2.  
Previous studies of scaling relationships in the adult human brain have 
demonstrated that human cortices are not scaled versions of each other (Im et al., 
2008; Toro et al., 2008). Brains with increased cortical volume have been shown to 
have greater numbers of neuronal and glial cells as well increased surface area, 
increased sulcal depth and increased region-specific cortical folding complexity (Im 
et al., 2008; Pakkenberg & Gundersen, 1997; Rilling & Insel, 1999; Toro et al., 
2008). However, it has not known whether this relationship is present during the 
earliest stages of development. Our study shows a strong and “adult-like” scaling 
relationship between total cortical volume and total cortical surface area is already 
present at birth and persists through the period of rapid postnatal development.  
Mean cortical thickness, on the other hand, appears to have little relationship to total 
cortical volume at any age.  
We found very different and non-correlated growth patterns for cortical 
thickness and surface area.  A variety of studies indicate that cortical thickness and 
surface area have distinct genetic underpinnings.  Twin studies have shown high 
regional heritability for both surface area and cortical thickness, though 
inconsistently, and provide evidence that cortical thickness and surface area are 
apparently genetically unrelated (Panizzon et al., 2009). A recent twin study utilizing 
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a data-driven genetic clustering algorithm showed very little overlap between 
estimated genetic correlations for cortical thickness and surface area (C.H. Chen et 
al., 2013).  Most importantly, this study showed that even if clusters were 
anatomically overlapping that the underlying genetic influences appeared to be quite 
distinct (C.H. Chen et al., 2013).  Differences in regional surface area has been 
linked to polymorphisms of MECP2 and microcephaly genes in humans (Joyner et 
al., 2009; Rimol et al., 2010). In animal models, manipulation of transcription factors 
Ngn1/2 and Tlx in intermediate progenitor cells results in changes to thickness, but 
not to surface area (Pontious, Kowalczyk, Englund, & Hevner, 2008).  Alternatively, 
beta-catenin overexpression in rodent models leads to increased cortical surface 
area but unchanged cortical thickness (Chenn & Walsh, 2003).  Arealization and 
expansion of specific cortical areas such as primary visual or sensory areas are also 
affected by specific genetic mutations of early developmental regulatory genes 
Emx2 and Pax 6 in rodents (Bishop, Rubenstein, & O’Leary, 2002). Recent studies 
in monozygotic healthy twins suggest that differences in birth weight can influence 
surface area but not cortical thickness indicating that pre- and peri-natal 
environmental influences may also have a different effects (Raznahan, Greenstein, 
Lee, Clasen, & Giedd, 2012).  
Comparison to genetic regionalization in human brain as evidenced in twin 
and transcriptome studies suggests that factors other than gene expression, such as 
functional circuit activity, may account for the observed differences in regional 
cortical growth rates in the first two years of life.  Recent studies using a twin design 
have found that surface area and cortical thickness have up to 12 measure-specific 
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regional clusters of genetic correlations (C.H. Chen et al., 2011, 2012, 2013).  While 
direct comparison is difficult due to different methodology, surface area expansion 
rates in the first 2 years of life appear to reflect some of the observed genetic 
regional clusters (C.H. Chen et al., 2012), with some exceptions, such as the 
occipital cortex and perisylvian cortex which show genetic correlation, though have 
locally heterogeneous rates of surface area expansion. Evidence from human 
transcriptome analyses also demonstrates regionalization of gene expression in the 
cortex, with related expression in primary sensorimotor cortices, including the pre- 
and postcentral cortices, Heschl’s gyrus, and primary and secondary visual areas 
(Hawrylycz et al., 2012).  In the first two years of life, these regions with similar gene 
expression profiles have variable growth rates for both cortical thickness and surface 
area.  
Cortical thickness and surface area are differentially affected in 
neurodevelopmental disorders. Children with ADHD show a developmental lag in 
cortical thickness and surface area maturation compared to typically developing 
children (Shaw et al., 2007, 2012). Studies in schizophrenia have primarily seen 
patterns of cortical thinning in both childhood-onset and adult-onset cases (Rapoport 
et al., 2012; Rimol et al., 2012), though marginal reductions in surface area have 
also been described (Gutiérrez-Galve et al., 2010; Rapoport et al., 2012).  Brain 
overgrowth in autism is one of the most consistent findings in children between the 
ages of 2 and 4 and this cerebral enlargement is not present at birth yet emerges 
between 9 and 18 months (Courchesne et al., 2007). 
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It is unclear whether or not overgrowth is due to aberrant increases in cortical 
thickness or surface area, as studies have provided evidence for both (Hazlett et al., 
2012; Mak-Fan, Taylor, Roberts, & Lerch, 2012). However, a recent study has called 
this into question, suggesting that the early brain overgrowth may not be a disease-
specific biomarker but instead due to head circumference population norm biases in 
previous studies (Raznahan et al., 2013), at least with head circumference studies.  
An interesting finding in this study was that sensory-specific association 
cortices, such as the superior occipital gyrus (visual association), superior/middle 
temporal gyrus (auditory association), and superior parietal gyrus (sensory/tactile 
association/spatial correspondence) all exhibited large growth in cortical surface 
area.  Evidence exists that each of these areas house topographic or representative 
maps for each corresponding sense (Romani, Williamson, & Kaufman, 1982; Silver 
& Kastner, 2009).  Rapid growth of surface area in early childhood may reflect 
expansion of topographic maps, which are highly plastic and reorganized and 
refined with increased experience (Pienkowski & Eggermont, 2011). Remarkably, 
many of these regions do not experience large amounts of cortical thickness growth, 
suggesting that topographic map plasticity may be regulated primarily by surface 
area expansion.  An exception to this general pattern is the insula, which houses a 
topographic map for viscerosensation, thermosensation and nociception, important 
functions to a developing infant (Stephani, Fernandez-Baca Vaca, Maciunas, 
Koubeissi, & Lüders, 2011) but does not experience rapid surface area growth in 
early development.  A potential hypothesis for this contradictory behavior could be 
that the insular cortex, due to its location, experiences growth restrictions and is 
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therefore potentially limited to growth in a singular direction. There are two potential 
explanations: (1) due to the apparent structural importance of cortical lamination, the 
insula may grow predominantly in thickness as opposed to surface area or (2) it is 
possible that the insula may increase in surface area later in development. Future 
study on this important structure, which has been implicated in a variety of functions 
and neurodevelopmental disorders, is necessary to understand its role in cortical 
development and cortical networks (Nagai, Kishi, & Kato, 2007; T. Takahashi et al., 
2009; Uddin & Menon, 2009). 
Image signal contrast changes dramatically from neonates to 1- or 2-year 
olds, which presents a challenge for tissue segmentation (Prastawa et al., 2005) and 
poses a potential limitation for this work. Cortical thickness is defined by the 
segmentation’s definition of the white-gray matter boundary and the gray-pial 
surface boundary and is thus potentially sensitive to these changing contrasts. 
However, to address this issue we employed a longitudinally guided segmentation 
algorithm (Wang et al., 2013) that we show is highly consistent with our manual 
segmentations (Figure S1). In this algorithm, the white-gray matter boundary is 
defined by myelinated white matter at 1 and 2 years of age and by unmyelinated 
white matter at neonate, both of which have distinctly different intensity profiles from 
gray matter at each age (Dietrich et al., 1988). 
Our study indicates that there is rapid development of the cortex in the first 
two years of life, with cortical thickness approaching 97% of adult values and surface 
area approaching 70% of adult values.  Periods of rapid growth are considered to be 
highly susceptible to genetic and environmental insults; the first years of life may be 
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a period of high vulnerability. Interestingly, white matter maturation follows a similar 
pattern, with rapid and tract-specific development of white matter tract microstructure 
in the first two years of life (Geng et al., 2011) with much more slow and gradual 
maturation thereafter (Faria et al., 2010). Recent studies also indicate that most 
resting state functional networks, including the default and attention control are 
established by age two years (Gao et al., 2011).  These clinical studies, combined 
with postmortem studies of neuronal dendritic complexity and synapse development 
(Huttenlocher & Dabholkar, 1997; Petanjek et al., 2011, 2008) suggest that by age 2 
years, the fundamental structural and functional stage is largely set for future 
learning and neuroplasticity that will occur later in childhood.  It is also likely that 
abnormal structural and functional networks associated with neuropsychiatric 
disorders are established in the first 2 years of life, and that interventions to modify 
abnormal development will need to be targeted to this period of rapid postnatal brain 
development.  
89 
 Figure S3.1. Heat Maps for Intraclass Correlation Validation Analysis.  Cortical heat maps represent 
ROI intraclass correlations between fourteen manual and automatic segmentations at birth 1, and 2 
years of age. Warmer colors indicate larger intraclass correlations for cortical thickness (A) and 
surface area (B). Whole brain and hemispheric intraclass correlation values are also provided.  
 
 Figure S3.2. Individual Subject Data. Uncorrected mean cortical thickness and total cortical surface area is plotted for each individual in the 
singleton cohort (A&B) and twin cohort (C&D) at neonate, 1 and 2 years of age. 
90 
91 
 
 
 
Figure S3.3. Early Cortical Surface Measures from 1 to 2 Years of Age. Regional percent change for 
cortical thickness (A) and surface area (B) from 1 to 2 years with an adjusted color bar. Warmer 
colors indicate larger percent changes than cooler colors.  Quantitative results can be found in Table 
S2-5. 
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Figure S3.4. Growth Rate Comparison Between Cohorts. To compare growth rates between our two 
cohorts, LS mean percent change values for singletons (X-axis) were plotted against LS mean 
percent change values for twins (Y-axis) for each ROI. Growth rate comparisons are shown for 
cortical thickness between neonate and 1 year (A) and between 1 and 2 years (B) as well as for 
surface area between neonate and 1 (C) and 1 and 2 years (D). 
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Table S 3.1. Sample Demographics 
 
Longitudinal Infant Demographics   
 Singleton Cohort  Twin Cohort  
Total Subjects 40 31 
Gender   
Male 22 15 
Female 18 16 
Ethnicity   
White 30 18 
Black 10 12 
Asian 0 0 
Indian 0 1 
Zygosity   
Monozygotic - 13 
Dizygotic - 18 
 Mean (SD) Mean (SD) 
Gestational Age at Birth (days) 274.4(9.80) 257.35 (7.35) 
Birth Weight (grams) 3,443.13 (500.95) 2,539.00 (337.04) 
Maternal Age (yr) 30.37 (4.90) 30.38 (6.44) 
Maternal Education (yr) 15.01 (3.92) 13.77 (3.47) 
Total Household Income $64,486.84 (44,487.03) $59,534.58 (53457.39) 
Age at Neonatal MRI (weeks) 3.17 (1.23) 4.35 (1.66) 
Age at Year 1 MRI (years) 1.05 (0.06) 1.10 (0.05) 
Age at Year 2 MRI (years) 2.03 (0.06) 2.09 (0.09) 
MSEL Early Learning Composite Year 1 118.10 (15.48) 117.26 (15.44) 
MSEL Early Learning Composite Year 2 112.43 (13.46) 104.17 (15.70) 
  
Adult Sample Demographics  
Total Subjects 44 
Gender  
Male 21 
Female 23 
Ethnicity  
White 35 
Black 3 
Asian 6 
Mean Age (Years, SD) 29.44 (5.53) 
MSEL; Mullen Scales of Early Learning (Mullen, 1995) 
 Table S3.2. Singleton Cortical Thickness
ROI LS Means - Year 0 LS Means - Year 1 LS Means - Year 2
Difference in LS 
Means for Years 0 to 
1 P-Value
Difference in LS 
Means for Years 1 to 
2 P-Value
Difference in LS 
Means for Years 0 to 
2 P-Value
Percent Change LS 
Means - Year 0 to 1
Percent Change LS 
Means - Year 1 to 2
Percent Change LS 
Means - Year 0 to 2
Central Region
Precentral_L 1.95 ( 0.03) 2.46 ( 0.03) 2.67 ( 0.03) 1.14E-29 1.24E-10 1.17E-34 26.56 8.51 37.33
Precentral_R 1.86 ( 0.03) 2.38 ( 0.03) 2.60 ( 0.03) 3.86E-28 1.42E-10 3.32E-33 27.55 9.24 39.33
Postcentral_L 2.01 ( 0.03) 2.19 ( 0.03) 2.41 ( 0.03) 2.58E-08 8.01E-11 6.00E-18 8.96 10.00 19.85
Postcentral_R 1.91 ( 0.03) 2.07 ( 0.03) 2.28 ( 0.03) 3.56E-08 2.32E-12 4.61E-19 8.36 10.50 19.74
Rolandic_Oper_L 2.15 ( 0.03) 3.35 ( 0.03) 3.33 ( 0.03) 4.26E-46 6.18E-01 5.17E-41 56.02 -0.56 55.15
Rolandic_Oper_R 2.23 ( 0.04) 3.42 ( 0.04) 3.39 ( 0.04) 6.64E-43 4.23E-01 1.35E-37 53.42 -0.97 51.94
Average % Change 30.14 6.12 37.22
Frontal Lobe
Lateral Surface
Frontal_Sup_L 2.28 ( 0.04) 2.91 ( 0.04) 3.12 ( 0.04) 1.77E-24 5.79E-06 5.46E-27 27.76 7.05 36.76
Frontal_Sup_R 2.14 ( 0.04) 2.75 ( 0.04) 2.97 ( 0.04) 1.14E-25 2.16E-07 8.70E-28 28.44 8.01 38.72
Frontal_Mid_L 2.23 ( 0.04) 2.86 ( 0.04) 3.07 ( 0.04) 1.17E-28 1.85E-07 2.06E-30 28.36 7.17 37.57
Frontal_Mid_R 2.25 ( 0.05) 2.90 ( 0.05) 3.09 ( 0.05) 1.26E-29 2.30E-06 2.04E-29 29.34 6.33 37.52
Frontal_Inf_Oper_L 2.14 ( 0.03) 3.13 ( 0.03) 3.17 ( 0.03) 3.58E-44 2.22E-01 1.35E-39 46.27 1.28 48.15
Frontal_Inf_Oper_R 2.09 ( 0.03) 3.10 ( 0.03) 3.14 ( 0.03) 8.23E-44 2.57E-01 3.14E-41 48.66 1.25 50.52
Frontal_Inf_Tri_L 2.27 ( 0.03) 3.04 ( 0.03) 3.16 ( 0.03) 1.39E-40 7.85E-05 9.68E-38 33.71 3.91 38.94
Frontal_Inf_Tri_R 2.22 ( 0.04) 2.97 ( 0.04) 3.08 ( 0.04) 6.60E-32 4.58E-03 4.04E-29 33.83 3.71 38.79
Average % Change 34.55 4.84 40.87
Medial Surface
Frontal_Sup_Medial_L 2.46 ( 0.05) 3.84 ( 0.05) 3.83 ( 0.05) 1.39E-41 8.52E-01 2.70E-35 56.24 -0.24 55.86
Frontal_Sup_Medial_R 2.53 ( 0.06) 3.67 ( 0.06) 3.75 ( 0.06) 4.30E-31 1.97E-01 6.44E-27 45.26 2.09 48.31
Supp_Motor_Area_L 2.21 ( 0.04) 3.12 ( 0.04) 3.12 ( 0.04) 3.49E-31 9.89E-01 1.41E-26 40.82 -0.02 40.79
Supp_Motor_Area_R 2.24 ( 0.04) 3.11 ( 0.04) 3.21 ( 0.04) 1.98E-37 6.35E-03 2.57E-34 39.17 3.27 43.72
Paracentral_Lobule_L 1.83 ( 0.03) 2.14 ( 0.03) 2.28 ( 0.03) 7.38E-19 2.74E-06 2.00E-21 17.22 6.31 24.61
Paracentral_Lobule_R 1.88 ( 0.04) 2.36 ( 0.04) 2.56 ( 0.04) 2.07E-22 1.39E-07 1.35E-25 25.72 8.61 36.54
Average % Change 37.41 3.34 41.64
Orbital Surface
Frontal_Sup_Orb_L 2.65 ( 0.08) 3.45 ( 0.08) 3.61 ( 0.08) 5.78E-14 7.23E-02 6.20E-15 30.34 4.62 36.35
Frontal_Sup_Orb_R 2.58 ( 0.07) 3.36 ( 0.07) 3.44 ( 0.07) 6.46E-18 2.22E-01 4.15E-16 30.25 2.53 33.55
Frontal_Med_Orb_L 2.57 ( 0.06) 3.70 ( 0.06) 3.70 ( 0.06) 1.13E-27 9.53E-01 2.33E-23 44.07 0.11 44.22
Frontal_Med_Orb_R 2.53 ( 0.06) 3.62 ( 0.06) 3.42 ( 0.06) 7.96E-28 1.95E-03 2.83E-18 42.84 -5.62 34.81
Frontal_Mid_Orb_L 2.52 ( 0.08) 3.38 ( 0.08) 3.60 ( 0.08) 2.17E-12 3.51E-02 1.20E-14 34.10 6.52 42.84
Frontal_Mid_Orb_R 2.60 ( 0.08) 3.50 ( 0.08) 3.66 ( 0.08) 4.59E-14 9.73E-02 5.10E-15 34.68 4.68 40.98
Frontal_Inf_Orb_L 2.54 ( 0.06) 3.51 ( 0.06) 3.65 ( 0.06) 3.90E-25 3.40E-02 1.18E-24 38.21 3.87 43.56
Frontal_Inf_Orb_R 2.53 ( 0.06) 3.53 ( 0.06) 3.66 ( 0.06) 1.57E-26 4.47E-02 1.10E-25 39.48 3.54 44.43
Rectus_L 2.74 ( 0.09) 3.81 ( 0.09) 3.82 ( 0.09) 3.75E-18 9.50E-01 7.04E-15 39.26 0.15 39.48
Rectus_R 2.55 ( 0.08) 3.64 ( 0.08) 3.39 ( 0.08) 1.52E-20 4.70E-03 6.30E-12 42.59 -6.83 32.86
Olfactory_L 2.10 ( 0.10) 3.09 ( 0.10) 3.31 ( 0.10) 5.72E-17 1.79E-02 1.77E-16 47.03 7.19 57.60
Olfactory_R 1.98 ( 0.08) 2.92 ( 0.08) 3.11 ( 0.08) 1.13E-20 1.11E-02 5.76E-20 47.01 6.50 56.56
Average % Change 39.16 2.27 42.27
Temporal Lobe
Temporal_Sup_L 2.30 ( 0.04) 3.21 ( 0.04) 3.25 ( 0.04) 1.57E-39 2.92E-01 1.13E-34 39.56 1.16 41.17
Temporal_Sup_R 2.25 ( 0.04) 3.24 ( 0.04) 3.27 ( 0.04) 2.99E-38 4.09E-01 5.69E-35 43.81 1.02 45.27
Heschl_L 2.10 ( 0.04) 3.00 ( 0.04) 3.09 ( 0.04) 1.11E-32 4.50E-02 1.61E-30 42.82 2.98 47.08
Heschl_R 2.12 ( 0.05) 3.32 ( 0.05) 3.40 ( 0.05) 1.32E-41 5.17E-02 5.48E-37 56.83 2.57 60.87
Temporal_Mid_L 2.34 ( 0.03) 3.14 ( 0.03) 3.14 ( 0.03) 6.71E-33 9.19E-01 1.47E-29 34.23 -0.13 34.06
Temporal_Mid_R 2.21 ( 0.03) 3.02 ( 0.03) 3.04 ( 0.03) 6.95E-32 6.92E-01 3.22E-30 37.15 0.54 37.90
Temporal_Inf_L 2.33 ( 0.04) 3.01 ( 0.04) 3.21 ( 0.04) 8.52E-22 1.12E-04 8.24E-25 28.84 6.78 37.58
Temporal_Inf_R 2.30 ( 0.04) 2.90 ( 0.04) 3.01 ( 0.04) 2.12E-27 4.26E-03 1.72E-26 26.19 3.63 30.77
Temporal_Pole_Sup_L 3.00 ( 0.06) 4.18 ( 0.06) 4.31 ( 0.06) 8.60E-31 3.64E-02 5.90E-29 39.21 3.14 43.57
Temporal_Pole_Sup_R 3.10 ( 0.06) 4.28 ( 0.06) 4.37 ( 0.06) 1.73E-30 1.58E-01 4.11E-27 38.01 2.07 40.87
Temporal_Pole_Mid_L 3.47 ( 0.09) 4.08 ( 0.09) 4.14 ( 0.09) 4.66E-08 5.17E-01 2.05E-07 17.65 1.61 19.54
Temporal_Pole_Mid_R 3.23 ( 0.09) 3.87 ( 0.09) 4.01 ( 0.09) 6.21E-10 1.48E-01 3.86E-10 20.05 3.44 24.18
Average % Change 35.36 2.40 38.57  
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 Table S3.2. Singleton Cortical Thickness, continued
ROI LS Means - Year 0 LS Means - Year 1 LS Means - Year 2
Difference in LS 
Means for Years 0 to 
1 P-Value
Difference in LS 
Means for Years 1 to 
2 P-Value
Difference in LS 
Means for Years 0 to 
2 P-Value
Percent Change LS 
Means - Year 0 to 1
Percent Change LS 
Means - Year 1 to 2
Percent Change LS 
Means - Year 0 to 2
Insula
Insula_L 2.24 ( 0.03) 3.58 ( 0.03) 3.61 ( 0.03) 6.39E-51 4.65E-01 3.71E-49 59.61 0.73 60.77
Insula_R 2.04 ( 0.03) 3.38 ( 0.03) 3.42 ( 0.03) 7.70E-50 2.13E-01 1.45E-49 65.83 1.37 68.11
Average % Change 62.72 1.05 64.44
Cingulate
Cingulate_Ant_L 2.16 ( 0.04) 3.41 ( 0.04) 3.19 ( 0.04) 3.08E-42 3.98E-06 5.87E-32 58.11 -6.43 47.95
Cingulate_Ant_R 2.24 ( 0.04) 3.48 ( 0.04) 3.35 ( 0.04) 4.11E-45 2.18E-03 6.07E-37 55.30 -3.62 49.69
Cingulate_Mid_L 1.98 ( 0.03) 2.92 ( 0.03) 2.87 ( 0.03) 3.18E-38 1.73E-01 1.62E-32 47.92 -1.79 45.26
Cingulate_Mid_R 2.01 ( 0.02) 2.91 ( 0.02) 2.89 ( 0.02) 4.44E-43 4.71E-01 5.20E-40 44.41 -0.76 43.31
Cingulate_Post_L 1.64 ( 0.05) 2.03 ( 0.05) 2.16 ( 0.05) 2.50E-09 2.40E-02 2.15E-11 23.15 6.40 31.03
Cingulate_Post_R 1.39 ( 0.05) 1.89 ( 0.05) 1.91 ( 0.05) 3.03E-11 6.97E-01 2.64E-10 35.43 1.32 37.22
Average % Change 44.05 -0.81 42.41
Parietal Lobe
Parietal_Sup_L 2.09 ( 0.05) 2.28 ( 0.05) 2.59 ( 0.05) 5.65E-05 1.29E-09 1.22E-13 9.24 13.70 24.21
Parietal_Sup_R 2.15 ( 0.06) 2.21 ( 0.06) 2.60 ( 0.06) 2.80E-01 1.41E-09 5.05E-09 2.89 17.78 21.18
Parietal_Inf_L 2.13 ( 0.04) 2.72 ( 0.04) 2.92 ( 0.04) 3.35E-22 2.59E-05 2.53E-26 27.80 7.12 36.90
Parietal_Inf_R 2.03 ( 0.04) 2.65 ( 0.04) 2.86 ( 0.04) 1.22E-24 5.55E-06 7.18E-28 30.91 7.63 40.90
Angular_L 2.23 ( 0.04) 2.89 ( 0.04) 3.08 ( 0.04) 1.95E-23 7.34E-05 1.16E-25 29.74 6.67 38.39
Angular_R 2.14 ( 0.04) 2.77 ( 0.04) 2.96 ( 0.04) 1.10E-20 1.58E-04 1.35E-24 29.03 6.98 38.04
SupraMarginal_L 2.32 ( 0.04) 3.04 ( 0.04) 3.19 ( 0.04) 1.57E-29 3.41E-04 3.78E-29 31.43 4.91 37.88
SupraMarginal_R 2.16 ( 0.04) 2.90 ( 0.04) 2.99 ( 0.04) 7.27E-23 7.97E-02 2.27E-24 34.00 3.20 38.29
Precuneus_L 2.15 ( 0.03) 2.78 ( 0.03) 2.88 ( 0.03) 4.29E-33 1.30E-03 3.76E-32 29.28 3.64 33.99
Precuneus_R 2.05 ( 0.04) 2.85 ( 0.04) 2.91 ( 0.04) 4.93E-42 3.76E-02 4.51E-36 38.76 2.09 41.66
Average % Change 26.31 7.37 35.14
Occipital Lobe
Occipital_Sup_L 2.04 ( 0.03) 2.41 ( 0.03) 2.55 ( 0.03) 2.50E-23 5.59E-07 5.41E-25 18.15 5.86 25.07
Occipital_Sup_R 2.12 ( 0.04) 2.29 ( 0.04) 2.45 ( 0.04) 1.59E-04 3.98E-04 5.37E-09 8.10 6.98 15.64
Occipital_Mid_L 2.09 ( 0.03) 2.51 ( 0.03) 2.62 ( 0.03) 1.93E-21 1.09E-03 8.33E-23 20.49 4.36 25.74
Occipital_Mid_R 2.03 ( 0.03) 2.33 ( 0.03) 2.46 ( 0.03) 1.72E-16 1.69E-05 1.10E-20 14.77 5.62 21.21
Occipital_Inf_L 2.18 ( 0.05) 2.40 ( 0.05) 2.60 ( 0.05) 4.26E-04 1.29E-03 3.81E-08 10.08 8.30 19.22
Occipital_Inf_R 2.21 ( 0.04) 2.17 ( 0.04) 2.34 ( 0.04) 4.30E-01 1.27E-03 2.77E-02 -1.88 8.06 6.04
Cuneus_L 2.07 ( 0.04) 2.54 ( 0.04) 2.60 ( 0.04) 1.79E-17 1.65E-01 3.45E-17 23.06 2.38 25.99
Cuneus_R 2.25 ( 0.04) 2.61 ( 0.04) 2.68 ( 0.04) 1.41E-10 1.07E-01 2.22E-12 15.75 2.99 19.21
Calcarine_L 2.09 ( 0.04) 2.30 ( 0.04) 2.43 ( 0.04) 5.66E-07 1.30E-03 9.40E-11 10.09 5.60 16.25
Calcarine_R 2.18 ( 0.04) 2.31 ( 0.04) 2.43 ( 0.04) 1.18E-03 2.39E-03 9.23E-07 5.97 5.25 11.53
Lingual_L 2.17 ( 0.04) 2.12 ( 0.04) 2.38 ( 0.04) 1.67E-01 2.77E-09 1.74E-05 -2.50 12.36 9.56
Lingual_R 2.20 ( 0.03) 2.19 ( 0.03) 2.40 ( 0.03) 7.91E-01 6.12E-06 6.35E-05 -0.52 9.60 9.03
Fusiform_L 2.19 ( 0.04) 2.20 ( 0.04) 2.53 ( 0.04) 7.45E-01 6.35E-10 6.44E-09 0.69 14.89 15.68
Fusiform_R 2.20 ( 0.03) 2.28 ( 0.03) 2.58 ( 0.03) 4.72E-02 9.65E-10 2.15E-12 3.85 12.83 17.17
Average % Change 9.01 7.50 16.95  
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 Table S3.3. Singleton Surface Area
ROI LS Means - Year 0 LS Means - Year 1 LS Means - Year 2
Difference in LS 
Means for Years 0 to 
1 P-Value
Difference in LS 
Means for Years 1 to 
2 P-Value
Difference in LS 
Means for Years 0 to 
2 P-Value
Percent Change LS 
Means - Year 0 to 1
Percent Change LS 
Means - Year 1 to 2
Percent Change LS 
Means - Year 0 to 2
Central Region
Precentral_L 1462.57 ( 40.17) 2628.19 ( 40.17) 3045.36 ( 40.17) 4.31E-42 9.71E-16 8.31E-46 79.70 15.87 108.22
Precentral_R 1546.12 ( 62.61) 2804.53 ( 62.61) 3284.73 ( 62.61) 1.32E-32 2.69E-11 3.78E-36 81.39 17.12 112.45
Postcentral_L 1883.80 ( 78.33) 3451.48 ( 78.33) 4063.34 ( 78.33) 2.80E-33 5.24E-12 9.20E-37 83.22 17.73 115.70
Postcentral_R 2026.92 ( 99.68) 3623.41 ( 99.68) 4316.58 ( 99.68) 1.44E-27 1.77E-10 1.42E-31 78.76 19.13 112.96
Rolandic_Oper_L 590.35 ( 20.96) 1044.35 ( 20.96) 1212.87 ( 20.96) 5.46E-41 9.79E-16 7.68E-43 76.90 16.14 105.45
Rolandic_Oper_R 762.00 ( 29.15) 1353.15 ( 29.15) 1586.82 ( 29.15) 7.69E-44 6.19E-19 1.94E-45 77.58 17.27 108.24
Average % Change 79.59 17.21 110.50
Frontal Lobe
Lateral Surface
Frontal_Sup_L 1318.75 ( 51.93) 2458.85 ( 51.93) 3048.90 ( 51.93) 2.68E-39 1.37E-21 1.15E-44 86.45 24.00 131.20
Frontal_Sup_R 1589.68 ( 64.14) 2916.43 ( 64.14) 3644.80 ( 64.14) 1.58E-31 5.39E-17 4.36E-39 83.46 24.97 129.28
Frontal_Mid_L 2222.73 ( 76.32) 3991.60 ( 76.32) 5143.45 ( 76.32) 1.35E-44 5.23E-32 5.67E-52 79.58 28.86 131.40
Frontal_Mid_R 2168.97 ( 89.76) 3846.70 ( 89.76) 5123.49 ( 89.76) 9.76E-30 9.28E-23 1.50E-40 77.35 33.19 136.22
Frontal_Inf_Oper_L 364.77 ( 20.75) 667.46 ( 20.75) 843.03 ( 20.75) 7.12E-28 1.98E-15 7.80E-34 82.98 26.30 131.11
Frontal_Inf_Oper_R 646.65 ( 37.77) 1208.74 ( 37.77) 1481.68 ( 37.77) 4.01E-35 4.32E-17 2.09E-38 86.92 22.58 129.13
Frontal_Inf_Tri_L 1269.29 ( 47.46) 2468.73 ( 47.46) 2868.99 ( 47.46) 6.42E-48 3.74E-18 1.49E-48 94.50 16.21 126.03
Frontal_Inf_Tri_R 918.48 ( 43.63) 1718.59 ( 43.63) 2069.77 ( 43.63) 1.64E-27 1.33E-10 5.43E-33 87.11 20.43 125.35
Average % Change 84.79 24.57 129.96
Medial Surface
Frontal_Sup_Medial_L 1143.68 ( 55.33) 1925.83 ( 55.33) 2595.03 ( 55.33) 1.31E-22 4.63E-19 6.35E-34 68.39 34.75 126.90
Frontal_Sup_Medial_R 822.61 ( 45.79) 1374.04 ( 45.79) 1796.41 ( 45.79) 6.33E-27 1.92E-20 4.14E-35 67.03 30.74 118.38
Supp_Motor_Area_L 1052.46 ( 40.43) 1799.48 ( 40.43) 2154.58 ( 40.43) 1.90E-37 2.62E-18 3.21E-41 70.98 19.73 104.72
Supp_Motor_Area_R 898.92 ( 33.79) 1587.43 ( 33.79) 1898.98 ( 33.79) 1.51E-45 2.60E-23 3.38E-48 76.59 19.63 111.25
Paracentral_Lobule_L 542.66 ( 22.63) 953.33 ( 22.63) 1064.97 ( 22.63) 1.62E-35 3.28E-08 3.58E-35 75.68 11.71 96.25
Paracentral_Lobule_R 243.22 ( 18.16) 492.08 ( 18.16) 563.58 ( 18.16) 2.60E-32 1.39E-07 1.58E-31 102.32 14.53 131.72
Average % Change 76.83 21.85 114.87
Orbital Surface
Frontal_Sup_Orb_L 476.91 ( 17.79) 714.27 ( 17.79) 909.62 ( 17.79) 4.22E-16 1.27E-12 1.19E-28 49.77 27.35 90.73
Frontal_Sup_Orb_R 580.24 ( 22.71) 796.12 ( 22.71) 1028.81 ( 22.71) 2.35E-09 2.39E-10 4.65E-23 37.21 29.23 77.31
Frontal_Med_Orb_L 372.14 ( 19.28) 600.67 ( 19.28) 776.63 ( 19.28) 4.67E-14 5.37E-10 6.94E-25 61.41 29.29 108.70
Frontal_Med_Orb_R 453.85 ( 19.10) 755.41 ( 19.10) 920.21 ( 19.10) 1.80E-22 7.46E-11 4.43E-30 66.45 21.82 102.76
Frontal_Mid_Orb_L 368.75 ( 23.10) 705.61 ( 23.10) 893.94 ( 23.10) 5.95E-21 2.95E-10 2.35E-28 91.35 26.69 142.42
Frontal_Mid_Orb_R 490.36 ( 35.41) 850.51 ( 35.41) 1136.55 ( 35.41) 1.83E-13 5.91E-10 1.21E-22 73.45 33.63 131.78
Frontal_Inf_Orb_L 856.41 ( 34.12) 1489.18 ( 34.12) 1827.67 ( 34.12) 8.08E-25 5.59E-12 1.58E-33 73.89 22.73 113.41
Frontal_Inf_Orb_R 893.09 ( 42.68) 1535.50 ( 42.68) 1872.89 ( 42.68) 1.08E-21 7.57E-10 1.27E-28 71.93 21.97 109.71
Rectus_L 313.16 ( 25.84) 361.57 ( 25.84) 515.29 ( 25.84) 2.69E-02 4.29E-10 1.72E-10 15.46 42.51 64.55
Rectus_R 325.26 ( 27.83) 389.49 ( 27.83) 585.60 ( 27.83) 2.01E-02 2.94E-10 2.05E-11 19.75 50.35 80.04
Olfactory_L 182.90 ( 12.56) 301.93 ( 12.56) 350.45 ( 12.56) 4.14E-12 1.26E-03 9.39E-16 65.08 16.07 91.61
Olfactory_R 210.39 ( 14.57) 349.30 ( 14.57) 381.84 ( 14.57) 1.24E-15 2.09E-02 1.27E-15 66.02 9.32 81.49
Average % Change 57.65 27.58 99.54
Temporal Lobe
Temporal_Sup_L 1437.87 ( 62.93) 2754.03 ( 62.93) 3266.23 ( 62.93) 1.16E-37 1.58E-14 2.31E-40 91.54 18.60 127.16
Temporal_Sup_R 1615.34 ( 79.13) 3166.19 ( 79.13) 3528.15 ( 79.13) 1.80E-39 5.11E-08 6.91E-38 96.01 11.43 118.42
Heschl_L 112.77 ( 7.90) 228.44 ( 7.90) 271.33 ( 7.90) 1.30E-28 6.20E-09 1.68E-30 102.56 18.77 140.59
Heschl_R 73.85 ( 6.33) 142.13 ( 6.33) 161.60 ( 6.33) 5.24E-19 1.12E-03 1.32E-19 92.47 13.70 118.83
Temporal_Mid_L 2795.00 ( 100.46) 5187.80 ( 100.46) 6098.81 ( 100.46) 9.59E-38 3.47E-14 2.50E-41 85.61 17.56 118.20
Temporal_Mid_R 3059.69 ( 110.02) 5722.55 ( 110.02) 6559.80 ( 110.02) 1.76E-39 5.67E-12 3.21E-41 87.03 14.63 114.39
Temporal_Inf_L 1508.97 ( 63.57) 2841.27 ( 63.57) 3623.30 ( 63.57) 5.99E-31 6.19E-18 1.33E-39 88.29 27.52 140.12
Temporal_Inf_R 2226.87 ( 76.40) 4028.44 ( 76.40) 4920.29 ( 76.40) 4.29E-40 3.50E-21 2.30E-45 80.90 22.14 120.95
Temporal_Pole_Sup_L 492.51 ( 22.50) 631.13 ( 22.50) 899.97 ( 22.50) 1.33E-09 1.09E-21 2.65E-26 28.15 42.60 82.73
Temporal_Pole_Sup_R 528.50 ( 28.82) 658.18 ( 28.82) 945.27 ( 28.82) 1.39E-06 1.72E-18 1.67E-21 24.54 43.62 78.86
Temporal_Pole_Mid_L 231.82 ( 19.07) 289.68 ( 19.07) 482.98 ( 19.07) 5.31E-04 2.22E-19 8.48E-20 24.96 66.73 108.35
Temporal_Pole_Mid_R 356.44 ( 22.63) 504.26 ( 22.63) 765.54 ( 22.63) 1.31E-09 1.34E-19 3.37E-25 41.47 51.81 114.77
Average % Change 70.29 29.09 115.28  
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Table S3.3. Singleton Surface Area, continued
ROI LS Means - Year 0 LS Means - Year 1 LS Means - Year 2
Difference in LS 
Means for Years 0 to 
1 P-Value
Difference in LS 
Means for Years 1 to 
2 P-Value
Difference in LS 
Means for Years 0 to 
2 P-Value
Percent Change LS 
Means - Year 0 to 1
Percent Change LS 
Means - Year 1 to 2
Percent Change LS 
Means - Year 0 to 2
Insula
Insula_L 1161.18 ( 40.78) 1923.35 ( 40.78) 2152.82 ( 40.78) 4.21E-39 4.02E-11 6.44E-39 65.64 11.93 85.40
Insula_R 1194.80 ( 40.31) 1856.97 ( 40.31) 2096.60 ( 40.31) 1.08E-36 1.05E-12 1.25E-37 55.42 12.90 75.48
Average % Change 60.53 12.42 80.44
Cingulate
Cingulate_Ant_L 747.99 ( 37.42) 1287.74 ( 37.42) 1596.14 ( 37.42) 5.97E-23 8.09E-12 9.07E-30 72.16 23.95 113.39
Cingulate_Ant_R 731.25 ( 27.34) 1266.32 ( 27.34) 1589.59 ( 27.34) 2.22E-35 4.49E-22 2.05E-42 73.17 25.53 117.38
Cingulate_Mid_L 1109.90 ( 38.59) 1932.49 ( 38.59) 2341.66 ( 38.59) 4.74E-29 1.84E-13 4.20E-37 74.11 21.17 110.98
Cingulate_Mid_R 1211.83 ( 43.17) 2132.54 ( 43.17) 2572.25 ( 43.17) 1.81E-30 1.16E-13 1.86E-37 75.98 20.62 112.26
Cingulate_Post_L 193.60 ( 17.63) 343.99 ( 17.63) 425.07 ( 17.63) 9.37E-17 1.78E-07 1.48E-20 77.69 23.57 119.57
Cingulate_Post_R 131.94 ( 9.97) 227.78 ( 9.97) 290.41 ( 9.97) 9.45E-17 1.02E-09 7.17E-23 72.64 27.49 120.11
Average % Change 74.29 23.72 115.61
Parietal Lobe
Parietal_Sup_L 787.66 ( 46.37) 1598.82 ( 46.37) 1894.72 ( 46.37) 1.67E-28 1.09E-08 1.19E-31 102.98 18.51 140.55
Parietal_Sup_R 910.39 ( 54.41) 1840.54 ( 54.41) 2259.21 ( 54.41) 3.16E-26 2.92E-10 1.39E-31 102.17 22.75 148.16
Parietal_Inf_L 1426.43 ( 73.33) 2491.41 ( 73.33) 3173.40 ( 73.33) 8.03E-27 1.46E-16 5.31E-34 74.66 27.37 122.47
Parietal_Inf_R 1012.46 ( 55.06) 1784.64 ( 55.06) 2220.33 ( 55.06) 2.81E-22 3.35E-11 6.91E-29 76.27 24.41 119.30
Angular_L 929.28 ( 70.81) 1744.43 ( 70.81) 2184.59 ( 70.81) 2.96E-25 2.10E-12 1.45E-29 87.72 25.23 135.08
Angular_R 1303.64 ( 75.45) 2475.88 ( 75.45) 3089.99 ( 75.45) 6.71E-24 4.23E-11 2.29E-30 89.92 24.80 137.03
SupraMarginal_L 588.14 ( 38.84) 1083.47 ( 38.84) 1299.38 ( 38.84) 4.26E-26 9.22E-10 6.43E-29 84.22 19.93 120.93
SupraMarginal_R 1183.09 ( 59.37) 2182.97 ( 59.37) 2529.53 ( 59.37) 3.34E-27 1.43E-07 4.87E-30 84.51 15.88 113.81
Precuneus_L 2372.43 ( 68.61) 4431.25 ( 68.61) 5328.09 ( 68.61) 5.01E-43 1.73E-20 1.63E-48 86.78 20.24 124.58
Precuneus_R 1678.91 ( 57.53) 3063.40 ( 57.53) 3749.30 ( 57.53) 8.37E-40 5.64E-21 2.53E-45 82.46 22.39 123.32
Average % Change 87.17 22.15 128.52
Occipital Lobe
Occipital_Sup_L 679.07 ( 40.96) 1437.88 ( 40.96) 1547.36 ( 40.96) 1.40E-31 5.76E-03 1.91E-29 111.74 7.61 127.86
Occipital_Sup_R 674.90 ( 42.83) 1488.15 ( 42.83) 1684.33 ( 42.83) 1.18E-35 5.16E-07 7.37E-35 120.50 13.18 149.57
Occipital_Mid_L 1988.88 ( 76.84) 3836.54 ( 76.84) 4311.37 ( 76.84) 7.20E-38 1.71E-08 1.04E-38 92.90 12.38 116.77
Occipital_Mid_R 1432.93 ( 57.10) 2746.73 ( 57.10) 3066.65 ( 57.10) 8.26E-39 3.05E-08 1.17E-38 91.69 11.65 114.01
Occipital_Inf_L 530.40 ( 28.61) 983.18 ( 28.61) 1119.56 ( 28.61) 1.21E-24 1.93E-05 7.70E-27 85.37 13.87 111.08
Occipital_Inf_R 582.62 ( 33.81) 1139.20 ( 33.81) 1284.70 ( 33.81) 2.62E-30 4.98E-06 2.68E-30 95.53 12.77 120.50
Cuneus_L 1162.97 ( 54.65) 2342.18 ( 54.65) 2672.54 ( 54.65) 1.13E-38 6.58E-10 6.24E-39 101.40 14.10 129.80
Cuneus_R 975.83 ( 45.78) 1940.30 ( 45.78) 2258.22 ( 45.78) 7.37E-37 2.47E-11 1.67E-38 98.84 16.39 131.41
Calcarine_L 1462.36 ( 64.04) 2699.62 ( 64.04) 3004.37 ( 64.04) 4.81E-34 1.11E-06 6.99E-34 84.61 11.29 105.45
Calcarine_R 1278.61 ( 47.02) 2168.02 ( 47.02) 2472.55 ( 47.02) 7.04E-33 6.63E-10 5.57E-35 69.56 14.05 93.38
Lingual_L 1345.63 ( 56.20) 2256.17 ( 56.20) 2561.53 ( 56.20) 1.17E-21 2.54E-05 3.68E-26 67.67 13.53 90.36
Lingual_R 1244.19 ( 54.73) 2128.29 ( 54.73) 2435.25 ( 54.73) 1.01E-22 6.23E-06 7.32E-27 71.06 14.42 95.73
Fusiform_L 1429.83 ( 62.45) 2358.97 ( 62.45) 3063.44 ( 62.45) 5.64E-18 8.41E-13 1.66E-30 64.98 29.86 114.25
Fusiform_R 1541.30 ( 60.89) 2402.91 ( 60.89) 3035.40 ( 60.89) 1.05E-20 2.12E-14 1.08E-30 55.90 26.32 96.94
Average % Change 86.55 15.10 114.08  
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 Table S3.4. Twin Cortical Thickness
ROI LS Means - Year 0 LS Means - Year 1 LS Means - Year 2
Difference in LS 
Means for Years 0 
to 1 P-Value
Difference in LS 
Means for Years 1 
to 2 P-Value
Difference in LS 
Means for Years 0 
to 2 P-Value
Percent Change LS 
Means - Year 0 to 
1
Percent Change LS 
Means - Year 1 to 
2
Percent Change LS 
Means - Year 0 to 
2
Central Region
Precentral_L 1.95 ( 0.02) 2.50 ( 0.02) 2.77 ( 0.02) 4.55E-34 8.91E-19 4.57E-39 28.33 10.81 42.20
Precentral_R 1.86 ( 0.02) 2.38 ( 0.02) 2.66 ( 0.02) 6.64E-33 4.96E-20 4.14E-38 27.81 11.97 43.11
Postcentral_L 1.97 ( 0.02) 2.12 ( 0.02) 2.43 ( 0.02) 1.90E-08 4.60E-19 1.17E-23 7.72 14.47 23.30
Postcentral_R 1.86 ( 0.02) 2.02 ( 0.02) 2.29 ( 0.02) 7.92E-09 6.38E-17 1.62E-23 8.51 13.63 23.30
Rolandic_Oper_L 2.08 ( 0.03) 3.36 ( 0.03) 3.34 ( 0.03) 3.68E-42 6.57E-01 2.17E-37 61.09 -0.46 60.36
Rolandic_Oper_R 2.15 ( 0.03) 3.40 ( 0.03) 3.40 ( 0.03) 2.45E-42 8.86E-01 4.37E-38 58.16 0.14 58.39
Average % Change 31.94 8.43 41.78
Frontal Lobe
Lateral Surface
Frontal_Sup_L 2.27 ( 0.03) 3.00 ( 0.03) 3.30 ( 0.03) 3.30E-32 3.82E-14 2.29E-35 32.39 9.96 45.58
Frontal_Sup_R 2.13 ( 0.03) 2.81 ( 0.03) 3.13 ( 0.03) 7.65E-27 2.81E-12 2.78E-31 32.13 11.13 46.84
Frontal_Mid_L 2.21 ( 0.03) 2.88 ( 0.03) 3.19 ( 0.03) 1.32E-34 5.93E-18 1.27E-38 30.38 10.67 44.29
Frontal_Mid_R 2.24 ( 0.03) 2.93 ( 0.03) 3.21 ( 0.03) 1.96E-36 6.91E-17 1.83E-38 30.89 9.43 43.23
Frontal_Inf_Oper_L 2.09 ( 0.03) 3.07 ( 0.03) 3.16 ( 0.03) 3.11E-37 1.02E-02 1.73E-34 47.34 2.82 51.50
Frontal_Inf_Oper_R 2.06 ( 0.03) 3.12 ( 0.03) 3.18 ( 0.03) 2.06E-40 4.65E-02 2.27E-37 50.92 1.98 53.91
Frontal_Inf_Tri_L 2.26 ( 0.02) 3.08 ( 0.02) 3.19 ( 0.02) 1.67E-39 4.40E-05 8.76E-38 36.38 3.54 41.20
Frontal_Inf_Tri_R 2.23 ( 0.03) 3.03 ( 0.03) 3.18 ( 0.03) 1.41E-39 1.58E-07 7.79E-38 36.25 4.75 42.72
Average % Change 37.08 6.79 46.16
Medial Surface
Frontal_Sup_Medial_L 2.44 ( 0.04) 4.00 ( 0.04) 4.01 ( 0.04) 2.51E-40 7.93E-01 1.02E-36 64.08 0.30 64.57
Frontal_Sup_Medial_R 2.42 ( 0.05) 3.62 ( 0.05) 3.69 ( 0.05) 9.16E-31 2.13E-01 1.94E-27 49.88 1.83 52.62
Supp_Motor_Area_L 2.25 ( 0.04) 3.17 ( 0.04) 3.26 ( 0.04) 8.89E-30 2.48E-02 7.49E-29 40.80 3.04 45.08
Supp_Motor_Area_R 2.17 ( 0.04) 3.18 ( 0.04) 3.32 ( 0.04) 2.38E-28 4.63E-03 8.50E-28 46.45 4.54 53.10
Paracentral_Lobule_L 1.86 ( 0.03) 2.11 ( 0.03) 2.31 ( 0.03) 2.33E-09 3.61E-07 2.67E-15 13.52 9.69 24.51
Paracentral_Lobule_R 1.68 ( 0.05) 2.24 ( 0.05) 2.52 ( 0.05) 3.05E-14 3.03E-06 1.93E-19 32.84 12.77 49.81
Average % Change 41.26 5.36 48.28
Orbital Surface
Frontal_Sup_Orb_L 2.58 ( 0.05) 3.76 ( 0.05) 3.81 ( 0.05) 8.20E-32 2.71E-01 3.36E-28 45.90 1.46 48.02
Frontal_Sup_Orb_R 2.50 ( 0.05) 3.55 ( 0.05) 3.60 ( 0.05) 1.72E-30 2.85E-01 5.32E-27 42.05 1.41 44.05
Frontal_Med_Orb_L 2.49 ( 0.05) 3.88 ( 0.05) 3.83 ( 0.05) 5.97E-33 3.59E-01 5.28E-28 55.85 -1.32 53.80
Frontal_Med_Orb_R 2.45 ( 0.05) 3.75 ( 0.05) 3.35 ( 0.05) 6.78E-31 2.15E-09 3.74E-19 53.09 -10.65 36.79
Frontal_Mid_Orb_L 2.53 ( 0.05) 3.77 ( 0.05) 3.87 ( 0.05) 5.19E-36 2.62E-02 1.05E-32 48.88 2.61 52.75
Frontal_Mid_Orb_R 2.49 ( 0.05) 3.69 ( 0.05) 3.77 ( 0.05) 2.98E-33 1.27E-01 2.48E-29 48.15 1.97 51.07
Frontal_Inf_Orb_L 2.49 ( 0.04) 3.79 ( 0.04) 3.83 ( 0.04) 1.70E-44 2.38E-01 1.95E-39 52.03 1.00 53.54
Frontal_Inf_Orb_R 2.50 ( 0.03) 3.77 ( 0.03) 3.80 ( 0.03) 3.31E-45 3.45E-01 7.71E-41 51.01 0.76 52.16
Rectus_L 2.53 ( 0.07) 4.08 ( 0.07) 4.06 ( 0.07) 8.47E-28 7.75E-01 1.19E-23 61.49 -0.54 60.62
Rectus_R 2.28 ( 0.10) 3.75 ( 0.10) 3.42 ( 0.10) 1.32E-20 2.42E-03 8.45E-13 64.62 -8.74 50.24
Olfactory_L 2.04 ( 0.07) 3.09 ( 0.07) 3.36 ( 0.07) 3.61E-19 1.05E-03 7.93E-21 51.34 8.85 64.73
Olfactory_R 1.80 ( 0.06) 2.87 ( 0.06) 3.13 ( 0.06) 1.36E-23 1.58E-04 4.93E-25 58.88 9.07 73.29
Average % Change 52.77 0.49 53.42
Temporal Lobe
Temporal_Sup_L 2.24 ( 0.03) 3.24 ( 0.03) 3.34 ( 0.03) 7.51E-38 2.60E-03 2.32E-36 44.51 3.12 49.01
Temporal_Sup_R 2.23 ( 0.03) 3.28 ( 0.03) 3.37 ( 0.03) 2.54E-42 2.40E-03 8.45E-39 46.81 2.70 50.78
Heschl_L 2.02 ( 0.04) 2.93 ( 0.04) 3.02 ( 0.04) 5.04E-28 3.64E-02 6.57E-27 44.84 3.27 49.58
Heschl_R 2.12 ( 0.04) 3.27 ( 0.04) 3.36 ( 0.04) 1.12E-31 6.47E-02 1.67E-29 54.20 2.77 58.48
Temporal_Mid_L 2.27 ( 0.02) 3.14 ( 0.02) 3.23 ( 0.02) 3.20E-45 2.11E-05 5.45E-42 38.07 3.03 42.25
Temporal_Mid_R 2.17 ( 0.02) 3.07 ( 0.02) 3.16 ( 0.02) 3.56E-47 1.05E-04 2.21E-43 41.43 2.67 45.20
Temporal_Inf_L 2.29 ( 0.04) 3.06 ( 0.04) 3.21 ( 0.04) 1.11E-29 5.88E-05 5.76E-29 33.59 4.99 40.25
Temporal_Inf_R 2.30 ( 0.03) 2.92 ( 0.03) 3.10 ( 0.03) 9.35E-34 1.08E-09 2.70E-33 27.11 5.93 34.65
Temporal_Pole_Sup_L 2.86 ( 0.04) 4.28 ( 0.04) 4.44 ( 0.04) 7.75E-42 9.19E-05 8.43E-39 49.41 3.79 55.07
Temporal_Pole_Sup_R 2.98 ( 0.04) 4.33 ( 0.04) 4.46 ( 0.04) 1.15E-40 1.02E-03 5.95E-38 45.38 3.09 49.87
Temporal_Pole_Mid_L 3.29 ( 0.07) 4.22 ( 0.07) 4.27 ( 0.07) 3.46E-20 5.03E-01 3.22E-17 28.42 1.07 29.79
Temporal_Pole_Mid_R 3.11 ( 0.06) 4.07 ( 0.06) 4.11 ( 0.06) 1.29E-24 4.53E-01 7.84E-21 30.84 1.03 32.19
Average % Change 40.38 3.12 44.76  
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 Table S3.4. Twin Cortical Thickness, continued
ROI LS Means - Year 0 LS Means - Year 1 LS Means - Year 2
Difference in LS 
Means for Years 0 
to 1 P-Value
Difference in LS 
Means for Years 1 
to 2 P-Value
Difference in LS 
Means for Years 0 
to 2 P-Value
Percent Change LS 
Means - Year 0 to 
1
Percent Change LS 
Means - Year 1 to 
2
Percent Change LS 
Means - Year 0 to 
2
Insula
Insula_L 2.18 ( 0.02) 3.62 ( 0.02) 3.68 ( 0.02) 1.21E-49 3.90E-02 2.15E-47 66.22 1.67 68.99
Insula_R 1.93 ( 0.02) 3.34 ( 0.02) 3.38 ( 0.02) 6.74E-56 1.14E-01 1.26E-51 73.61 1.05 75.43
Average % Change 69.92 1.36 72.21
Cingulate
Cingulate_Ant_L 2.09 ( 0.04) 3.36 ( 0.04) 3.16 ( 0.04) 1.23E-36 1.82E-05 3.58E-29 61.06 -6.00 51.40
Cingulate_Ant_R 2.14 ( 0.04) 3.47 ( 0.04) 3.27 ( 0.04) 5.73E-39 3.69E-06 7.06E-30 62.10 -6.02 52.35
Cingulate_Mid_L 2.03 ( 0.03) 2.99 ( 0.03) 2.91 ( 0.03) 1.63E-39 6.08E-03 3.23E-33 47.59 -2.76 43.52
Cingulate_Mid_R 1.95 ( 0.03) 2.93 ( 0.03) 2.84 ( 0.03) 2.26E-40 2.53E-03 3.44E-34 50.70 -3.08 46.07
Cingulate_Post_L 1.72 ( 0.06) 2.17 ( 0.06) 2.26 ( 0.06) 2.64E-11 1.33E-01 9.34E-11 26.57 3.89 31.50
Cingulate_Post_R 1.37 ( 0.06) 1.99 ( 0.06) 1.94 ( 0.06) 6.91E-13 4.29E-01 1.63E-09 45.84 -2.73 41.86
Average % Change 48.98 -2.78 44.45
Parietal Lobe
Parietal_Sup_L 1.97 ( 0.03) 2.25 ( 0.03) 2.60 ( 0.03) 1.12E-13 2.87E-17 2.96E-24 14.41 15.58 32.24
Parietal_Sup_R 1.99 ( 0.04) 2.16 ( 0.04) 2.66 ( 0.04) 4.85E-04 3.33E-15 2.80E-18 8.67 22.89 33.55
Parietal_Inf_L 2.06 ( 0.02) 2.74 ( 0.02) 2.97 ( 0.02) 3.59E-40 3.92E-16 2.48E-41 33.38 8.19 44.30
Parietal_Inf_R 1.99 ( 0.03) 2.66 ( 0.03) 2.88 ( 0.03) 2.86E-29 1.16E-09 7.40E-32 33.73 8.51 45.11
Angular_L 2.20 ( 0.03) 3.02 ( 0.03) 3.24 ( 0.03) 5.73E-35 7.32E-10 3.16E-36 37.43 7.29 47.44
Angular_R 2.13 ( 0.03) 2.82 ( 0.03) 3.10 ( 0.03) 1.54E-30 1.48E-13 3.75E-34 32.08 10.25 45.62
SupraMarginal_L 2.23 ( 0.03) 3.15 ( 0.03) 3.34 ( 0.03) 4.37E-36 2.56E-07 2.09E-36 41.29 5.91 49.64
SupraMarginal_R 2.12 ( 0.03) 2.96 ( 0.03) 3.13 ( 0.03) 1.49E-37 2.30E-08 2.37E-37 39.19 5.93 47.44
Precuneus_L 2.10 ( 0.03) 2.75 ( 0.03) 2.87 ( 0.03) 2.11E-30 2.17E-04 2.87E-29 30.98 4.14 36.40
Precuneus_R 1.91 ( 0.03) 2.77 ( 0.03) 2.86 ( 0.03) 1.90E-32 6.54E-03 2.44E-31 44.77 3.54 49.89
Average % Change 31.59 9.22 43.16
Occipital Lobe
Occipital_Sup_L 2.02 ( 0.03) 2.35 ( 0.03) 2.60 ( 0.03) 8.05E-17 1.47E-12 3.36E-23 16.15 10.71 28.59
Occipital_Sup_R 2.02 ( 0.03) 2.25 ( 0.03) 2.49 ( 0.03) 1.72E-09 1.72E-10 1.55E-17 11.30 11.00 23.54
Occipital_Mid_L 2.04 ( 0.02) 2.49 ( 0.02) 2.69 ( 0.02) 4.16E-29 3.94E-13 1.41E-32 22.21 7.95 31.93
Occipital_Mid_R 1.98 ( 0.02) 2.34 ( 0.02) 2.57 ( 0.02) 1.01E-20 6.45E-13 7.27E-27 17.99 9.77 29.52
Occipital_Inf_L 2.19 ( 0.03) 2.43 ( 0.03) 2.67 ( 0.03) 1.13E-09 1.03E-09 2.11E-17 10.96 9.91 21.96
Occipital_Inf_R 2.18 ( 0.05) 2.16 ( 0.05) 2.38 ( 0.05) 5.44E-01 1.23E-06 3.13E-04 -1.18 10.61 9.30
Cuneus_L 2.02 ( 0.04) 2.49 ( 0.04) 2.62 ( 0.04) 3.29E-16 3.69E-03 4.81E-18 23.79 5.17 30.19
Cuneus_R 2.13 ( 0.03) 2.59 ( 0.03) 2.70 ( 0.03) 2.41E-18 4.42E-03 2.35E-20 21.48 4.14 26.51
Calcarine_L 2.04 ( 0.04) 2.24 ( 0.04) 2.45 ( 0.04) 1.91E-05 4.87E-06 7.51E-11 9.52 9.40 19.81
Calcarine_R 2.20 ( 0.04) 2.21 ( 0.04) 2.44 ( 0.04) 8.01E-01 1.41E-07 6.80E-06 0.45 10.52 11.02
Lingual_L 2.17 ( 0.03) 2.08 ( 0.03) 2.39 ( 0.03) 8.12E-04 1.20E-16 4.27E-08 -4.47 15.28 10.12
Lingual_R 2.18 ( 0.03) 2.03 ( 0.03) 2.39 ( 0.03) 8.50E-04 2.99E-11 3.48E-05 -6.97 17.43 9.24
Fusiform_L 2.21 ( 0.03) 2.15 ( 0.03) 2.54 ( 0.03) 1.08E-01 5.38E-17 4.62E-12 -2.42 17.89 15.03
Fusiform_R 2.29 ( 0.02) 2.20 ( 0.02) 2.64 ( 0.02) 1.90E-03 1.85E-22 2.36E-16 -3.91 19.57 14.89
Average % Change 8.21 11.38 20.12
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 Table S3.5. Twin Surface Area
ROI LS Means - Year 0 LS Means - Year 1 LS Means - Year 2
Difference in LS Means 
for Years 0 to 1 P-
Value
Difference in LS Means 
for Years 1 to 2 P-
Value
Difference in LS Means 
for Years 0 to 2 P-
Value
Percent Change LS 
Means - Year 0 to 1
Percent Change LS 
Means - Year 1 to 2
Percent Change LS 
Means - Year 0 to 2
Central Region
Precentral_L 1418.97 ( 58.72) 2777.31 ( 58.72) 3210.76 ( 58.72) 2.40E-40 7.87E-16 3.99E-40 95.73 15.61 126.27
Precentral_R 1483.53 ( 65.43) 2885.18 ( 65.43) 3343.51 ( 65.43) 3.48E-36 2.24E-13 1.94E-36 94.48 15.89 125.38
Postcentral_L 1886.19 ( 63.85) 3716.85 ( 63.85) 4245.15 ( 63.85) 2.72E-40 4.00E-14 2.25E-40 97.06 14.21 125.07
Postcentral_R 2058.79 ( 70.60) 3891.37 ( 70.60) 4522.72 ( 70.60) 4.03E-37 7.60E-15 2.18E-38 89.01 16.22 119.68
Rolandic_Oper_L 540.63 ( 22.08) 1003.88 ( 22.08) 1134.00 ( 22.08) 7.86E-35 2.11E-10 2.12E-34 85.69 12.96 109.76
Rolandic_Oper_R 673.40 ( 27.52) 1261.87 ( 27.52) 1471.07 ( 27.52) 3.70E-36 1.08E-14 6.52E-37 87.39 16.58 118.45
Average % Change 91.56 15.25 120.77
Frontal Lobe
Lateral Surface
Frontal_Sup_L 1153.65 ( 45.12) 2402.66 ( 45.12) 2841.93 ( 45.12) 5.87E-44 2.26E-20 2.00E-44 108.27 18.28 146.34
Frontal_Sup_R 1456.44 ( 70.93) 2899.01 ( 70.93) 3484.39 ( 70.93) 1.92E-36 3.55E-17 7.63E-38 99.05 20.19 139.24
Frontal_Mid_L 2112.32 ( 104.66) 4217.95 ( 104.66) 5293.07 ( 104.66) 2.58E-39 4.87E-24 4.36E-42 99.68 25.49 150.58
Frontal_Mid_R 2147.57 ( 116.82) 4192.05 ( 116.82) 5310.87 ( 116.82) 8.58E-33 7.62E-20 1.96E-36 95.20 26.69 147.30
Frontal_Inf_Oper_L 367.38 ( 23.88) 701.17 ( 23.88) 839.13 ( 23.88) 1.28E-31 5.69E-14 1.18E-32 90.86 19.67 128.41
Frontal_Inf_Oper_R 621.38 ( 31.57) 1238.96 ( 31.57) 1478.60 ( 31.57) 1.08E-34 4.15E-15 6.69E-36 99.39 19.34 137.95
Frontal_Inf_Tri_L 1178.07 ( 61.11) 2469.27 ( 61.11) 2871.49 ( 61.11) 7.82E-39 2.25E-14 2.15E-38 109.60 16.29 143.75
Frontal_Inf_Tri_R 873.32 ( 41.49) 1787.23 ( 41.49) 2081.66 ( 41.49) 3.35E-37 8.13E-14 2.58E-37 104.65 16.47 138.36
Average % Change 100.84 20.30 141.49
Medial Surface
Frontal_Sup_Medial_L 981.80 ( 41.36) 1714.49 ( 41.36) 2220.07 ( 41.36) 1.17E-32 2.00E-24 1.89E-38 74.63 29.49 126.12
Frontal_Sup_Medial_R 721.65 ( 32.31) 1251.39 ( 32.31) 1592.78 ( 32.31) 1.32E-33 7.50E-24 2.05E-38 73.41 27.28 120.71
Supp_Motor_Area_L 882.18 ( 33.29) 1628.10 ( 33.29) 1985.70 ( 33.29) 7.00E-39 2.33E-22 1.65E-41 84.55 21.96 125.09
Supp_Motor_Area_R 814.22 ( 40.44) 1505.20 ( 40.44) 1851.42 ( 40.44) 7.60E-35 7.60E-20 1.78E-37 84.86 23.00 127.38
Paracentral_Lobule_L 533.33 ( 31.41) 983.84 ( 31.41) 1087.35 ( 31.41) 2.98E-33 2.23E-07 5.37E-31 84.47 10.52 103.88
Paracentral_Lobule_R 228.95 ( 21.05) 466.21 ( 21.05) 530.83 ( 21.05) 1.28E-22 6.82E-05 7.02E-22 103.63 13.86 131.86
Average % Change 84.26 21.02 122.51
Orbital Surface
Frontal_Sup_Orb_L 437.95 ( 19.83) 764.06 ( 19.83) 881.00 ( 19.83) 2.50E-24 8.22E-08 2.61E-26 74.46 15.30 101.16
Frontal_Sup_Orb_R 514.62 ( 16.97) 810.72 ( 16.97) 928.80 ( 16.97) 2.19E-26 4.08E-10 7.75E-29 57.54 14.57 80.48
Frontal_Med_Orb_L 353.90 ( 16.52) 627.57 ( 16.52) 812.37 ( 16.52) 6.19E-26 4.98E-18 2.89E-32 77.33 29.45 129.55
Frontal_Med_Orb_R 404.04 ( 20.62) 775.39 ( 20.62) 924.87 ( 20.62) 3.00E-30 1.22E-12 4.32E-32 91.91 19.28 128.91
Frontal_Mid_Orb_L 353.18 ( 18.15) 740.51 ( 18.15) 901.36 ( 18.15) 6.55E-37 5.90E-18 1.43E-38 109.67 21.72 155.22
Frontal_Mid_Orb_R 479.07 ( 29.07) 988.94 ( 29.07) 1165.23 ( 29.07) 1.43E-32 6.63E-12 5.48E-33 106.43 17.83 143.23
Frontal_Inf_Orb_L 768.20 ( 30.63) 1412.01 ( 30.63) 1660.25 ( 30.63) 5.29E-35 3.18E-15 2.15E-36 83.81 17.58 116.12
Frontal_Inf_Orb_R 831.27 ( 41.81) 1532.40 ( 41.81) 1786.42 ( 41.81) 3.80E-32 2.59E-12 9.31E-33 84.34 16.58 114.90
Rectus_L 291.51 ( 19.16) 302.62 ( 19.16) 442.31 ( 19.16) 5.43E-01 1.91E-10 9.87E-09 3.81 46.16 51.73
Rectus_R 305.17 ( 21.05) 337.58 ( 21.05) 472.96 ( 21.05) 1.29E-01 2.58E-08 1.85E-08 10.62 40.10 54.99
Olfactory_L 190.53 ( 7.76) 344.04 ( 7.76) 350.67 ( 7.76) 3.45E-23 4.87E-01 8.68E-22 80.57 1.93 84.05
Olfactory_R 221.78 ( 8.12) 387.43 ( 8.12) 412.20 ( 8.12) 8.26E-23 2.08E-02 4.58E-24 74.70 6.39 85.86
Average % Change 71.27 20.57 103.85
Temporal Lobe
Temporal_Sup_L 1406.25 ( 54.68) 2806.93 ( 54.68) 3191.18 ( 54.68) 2.21E-40 2.19E-13 1.11E-39 99.60 13.69 126.93
Temporal_Sup_R 1469.82 ( 53.08) 2965.70 ( 53.08) 3339.42 ( 53.08) 3.18E-39 2.59E-11 1.02E-38 101.77 12.60 127.20
Heschl_L 109.07 ( 9.74) 221.96 ( 9.74) 251.20 ( 9.74) 4.20E-23 1.00E-04 3.73E-22 103.50 13.17 130.31
Heschl_R 66.40 ( 6.78) 123.73 ( 6.78) 139.82 ( 6.78) 4.41E-16 2.71E-03 1.02E-15 86.35 13.00 110.57
Temporal_Mid_L 2633.28 ( 119.72) 5401.63 ( 119.72) 6348.91 ( 119.72) 2.58E-42 1.50E-18 2.79E-42 105.13 17.54 141.10
Temporal_Mid_R 2835.96 ( 99.77) 5740.70 ( 99.77) 6726.27 ( 99.77) 2.33E-40 6.51E-17 1.96E-41 102.43 17.17 137.18
Temporal_Inf_L 1450.48 ( 53.95) 3005.64 ( 53.95) 3644.92 ( 53.95) 4.04E-43 8.19E-23 6.61E-45 107.22 21.27 151.29
Temporal_Inf_R 2158.14 ( 58.71) 4238.47 ( 58.71) 5053.86 ( 58.71) 7.44E-50 1.14E-27 4.49E-51 96.40 19.24 134.18
Temporal_Pole_Sup_L 451.14 ( 20.92) 637.58 ( 20.92) 854.45 ( 20.92) 1.85E-17 2.60E-20 1.41E-27 41.33 34.01 89.40
Temporal_Pole_Sup_R 549.32 ( 22.61) 752.36 ( 22.61) 996.22 ( 22.61) 2.44E-13 2.33E-16 7.17E-24 36.96 32.41 81.35
Temporal_Pole_Mid_L 220.99 ( 19.15) 325.43 ( 19.15) 510.46 ( 19.15) 6.21E-11 1.74E-20 8.33E-24 47.26 56.86 130.99
Temporal_Pole_Mid_R 343.82 ( 24.29) 540.34 ( 24.29) 757.23 ( 24.29) 3.84E-17 5.82E-19 2.48E-26 57.16 40.14 120.24
Average % Change 82.09 24.26 123.39  
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 Table S3.5. Twin Surface Area, continued
ROI LS Means - Year 0 LS Means - Year 1 LS Means - Year 2
Difference in LS Means 
for Years 0 to 1 P-
Value
Difference in LS Means 
for Years 1 to 2 P-
Value
Difference in LS Means 
for Years 0 to 2 P-
Value
Percent Change LS 
Means - Year 0 to 1
Percent Change LS 
Means - Year 1 to 2
Percent Change LS 
Means - Year 0 to 2
Insula
Insula_L 1090.57 ( 29.71) 1937.66 ( 29.71) 2090.00 ( 29.71) 3.26E-42 9.25E-09 8.91E-40 77.68 7.86 91.64
Insula_R 1143.70 ( 26.52) 1894.03 ( 26.52) 2086.39 ( 26.52) 1.59E-43 2.26E-14 2.35E-42 65.61 10.16 82.43
Average % Change 71.64 9.01 87.03
Cingulate
Cingulate_Ant_L 760.14 ( 31.12) 1439.50 ( 31.12) 1680.69 ( 31.12) 2.76E-36 9.30E-15 4.32E-37 89.37 16.75 121.10
Cingulate_Ant_R 710.48 ( 27.08) 1304.22 ( 27.08) 1569.73 ( 27.08) 5.41E-34 4.81E-17 8.71E-37 83.57 20.36 120.94
Cingulate_Mid_L 1112.87 ( 30.31) 2025.18 ( 30.31) 2298.25 ( 30.31) 2.97E-41 2.21E-15 1.40E-41 81.98 13.48 106.52
Cingulate_Mid_R 1145.51 ( 37.46) 2141.10 ( 37.46) 2451.50 ( 37.46) 2.80E-39 1.08E-14 1.27E-39 86.91 14.50 114.01
Cingulate_Post_L 187.21 ( 11.21) 322.51 ( 11.21) 380.82 ( 11.21) 2.24E-16 8.20E-06 1.12E-19 72.27 18.08 103.42
Cingulate_Post_R 136.45 ( 10.95) 212.05 ( 10.95) 264.23 ( 10.95) 4.92E-11 7.12E-07 2.66E-15 55.40 24.61 93.65
Average % Change 78.25 17.96 109.94
Parietal Lobe
Parietal_Sup_L 822.63 ( 43.72) 1836.93 ( 43.72) 2060.67 ( 43.72) 7.24E-35 1.17E-07 9.12E-34 123.30 12.18 150.50
Parietal_Sup_R 919.24 ( 53.60) 2063.88 ( 53.60) 2403.96 ( 53.60) 1.53E-33 2.06E-10 9.97E-34 124.52 16.48 161.51
Parietal_Inf_L 1427.09 ( 55.78) 2791.01 ( 55.78) 3434.28 ( 55.78) 5.46E-36 1.28E-19 2.45E-39 95.57 23.05 140.65
Parietal_Inf_R 963.21 ( 54.66) 1909.87 ( 54.66) 2376.14 ( 54.66) 4.38E-29 5.27E-15 2.17E-32 98.28 24.41 146.69
Angular_L 883.26 ( 55.92) 1805.87 ( 55.92) 2240.26 ( 55.92) 5.50E-29 3.40E-14 9.28E-32 104.46 24.05 153.64
Angular_R 1169.01 ( 60.48) 2524.37 ( 60.48) 3109.26 ( 60.48) 1.40E-33 4.18E-16 2.56E-36 115.94 23.17 165.97
SupraMarginal_L 561.83 ( 31.26) 1087.60 ( 31.26) 1320.30 ( 31.26) 6.59E-30 7.30E-14 3.62E-32 93.58 21.40 135.00
SupraMarginal_R 1098.85 ( 60.05) 2190.93 ( 60.05) 2622.60 ( 60.05) 4.72E-31 6.76E-13 1.12E-32 99.38 19.70 138.67
Precuneus_L 2229.00 ( 81.74) 4415.31 ( 81.74) 5188.26 ( 81.74) 1.65E-40 9.07E-18 2.07E-41 98.09 17.51 132.76
Precuneus_R 1539.41 ( 49.77) 3138.38 ( 49.77) 3705.78 ( 49.77) 9.61E-42 8.65E-19 2.47E-43 103.87 18.08 140.73
Average % Change 105.70 20.00 146.61
Occipital Lobe
Occipital_Sup_L 572.07 ( 33.66) 1331.79 ( 33.66) 1435.89 ( 33.66) 3.98E-37 1.18E-04 8.47E-34 132.80 7.82 151.00
Occipital_Sup_R 633.15 ( 36.23) 1528.05 ( 36.23) 1680.63 ( 36.23) 4.76E-37 3.60E-06 8.44E-35 141.34 9.99 165.44
Occipital_Mid_L 1790.44 ( 72.25) 3762.77 ( 72.25) 4283.11 ( 72.25) 1.63E-41 1.65E-13 1.13E-40 110.16 13.83 139.22
Occipital_Mid_R 1384.27 ( 48.15) 2801.04 ( 48.15) 3150.83 ( 48.15) 8.21E-37 7.76E-10 3.46E-37 102.35 12.49 127.62
Occipital_Inf_L 470.40 ( 25.18) 957.40 ( 25.18) 1073.78 ( 25.18) 1.35E-33 6.44E-08 2.74E-32 103.53 12.16 128.27
Occipital_Inf_R 523.89 ( 39.34) 1124.57 ( 39.34) 1213.41 ( 39.34) 7.49E-31 1.21E-03 1.67E-27 114.66 7.90 131.61
Cuneus_L 1069.02 ( 52.46) 2356.67 ( 52.46) 2618.02 ( 52.46) 1.04E-37 4.88E-08 6.15E-36 120.45 11.09 144.90
Cuneus_R 945.63 ( 47.09) 2019.61 ( 47.09) 2298.51 ( 47.09) 1.52E-35 8.50E-10 5.95E-35 113.57 13.81 143.07
Calcarine_L 1462.22 ( 52.31) 2793.55 ( 52.31) 2996.31 ( 52.31) 2.55E-36 4.14E-05 4.99E-34 91.05 7.26 104.91
Calcarine_R 1239.38 ( 50.13) 2255.15 ( 50.13) 2394.34 ( 50.13) 8.23E-36 2.47E-04 2.53E-32 81.96 6.17 93.19
Lingual_L 1283.17 ( 52.27) 2348.41 ( 52.27) 2493.07 ( 52.27) 9.69E-38 9.30E-05 5.98E-34 83.02 6.16 94.29
Lingual_R 1155.16 ( 47.90) 2140.98 ( 47.90) 2243.87 ( 47.90) 2.34E-30 2.22E-02 1.77E-27 85.34 4.81 94.25
Fusiform_L 1370.29 ( 50.41) 2398.56 ( 50.41) 2913.45 ( 50.41) 7.51E-36 1.14E-20 6.72E-39 75.04 21.47 112.62
Fusiform_R 1518.36 ( 46.02) 2425.28 ( 46.02) 2991.61 ( 46.02) 4.75E-32 8.13E-22 2.01E-37 59.73 23.35 97.03
Average % Change 101.07 11.31 123.39
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Table S3.6. Replicated Significant Cortical Thickness and Surface Area Gender 
Comparison Values and Growth Rates 
Region of 
Interest 
Year 0 
LS 
Mean 
(SE) 
Female
s 
Year 0 
LS Mean 
(SE) 
Males 
Year 0 
P Value 
Year 1-Year 
0  
Males vs 
Females  
F(df) 
Year 0 
to 1 
P Value 
Year 2-Year 
1  
Males vs 
Females  
F(df) 
Year 1 to 
2 
P Value 
Cortical Thickness  
Singleton Cohort  
Fusiform_L 2.27 (0.06) 
2.10 
(0.05) 
 
3.87E-
02 
 
0.07(1, 76) 7.91E-01 1.15(1, 76) 2.87E-01 
Twin Cohort 
Fusiform_L 2.27 (0.04) 
2.15 
(0.04) 
4.62E-
02 0.63(1, 58) 
4.32E-
01 0.00(1, 58) 9.54E-01 
Surface Area 
Singleton Cohort 
Precentral_L 1465.88 (59.11) 
1459.27 
(53.97) 
9.34E-
01 7.37(1, 76) 
8.21E-
03 0.00(1, 76) 9.61E-01 
Frontal_Sup_L 1306.89 (76.30) 
1330.61 
(69.78) 
8.18E-
01 3.99(1, 76) 
4.93E-
02 0.04(1, 76) 8.42E-01 
Frontal_Mid_L 2164.73 (112.06) 
2280.72 
(102.58) 
4.45E-
01 11.36(1, 76) 
1.18E-
03 2.78(1, 76) 9.95E-02 
Olfactory_L 183.23 (18.51) 
182.56 
(16.88) 
9.79E-
01 4.60(1, 76) 
3.52E-
02 0.54(1, 76) 4.64E-01 
Insula_L 1125.51 (59.87) 
1196.84 
(54.81) 
3.80E-
01 4.60(1, 76) 
3.51E-
02 0.01(1, 76) 9.37E-01 
Temporal_Mid
_R 
3049.63 
(161.78) 
3069.75 
(147.83) 
9.27E-
01 0.57(1, 76) 
4.52E-
01 4.29(1, 76) 4.17E-02 
Parietal_Sup_
L 
786.96 
(68.23) 
788.36 
(62.31) 
9.88E-
01 5.13(1, 76) 
2.64E-
02 0.28(1, 76) 6.01E-01 
Calcarine_R 1277.69 (69.13) 
1279.53 
(63.18) 
9.84E-
01 6.67(1, 76) 
1.17E-
02 2.00(1, 76) 1.62E-01 
Twin Cohort 
Precentral_L 1421.73 (83.28) 
1416.21 
(88.43) 
9.65E-
01 4.31(1, 58) 
4.23E-
02 2.38(1, 58) 1.29E-01 
Frontal_Sup_L 1186.56 (63.96) 
1120.75 
(67.89) 
4.97E-
01 4.44(1, 58) 
3.95E-
02 0.87(1, 58) 3.54E-01 
Frontal_Mid_L 2177.75 (148.55) 
2046.90 
(157.90) 
5.61E-
01 4.10(1, 58) 
4.75E-
02 2.81(1, 58) 9.92E-02 
Olfactory_L 192.19 (10.91) 
188.87 
(11.45) 
8.37E-
01 4.12(1, 58) 
4.70E-
02 0.01(1, 58) 9.42E-01 
Insula_L 1064.17 (42.08) 
1116.96 
(44.61) 
4.07E-
01 8.97(1, 58) 
4.02E-
03 0.07(1, 58) 7.87E-01 
Temporal_Mid
_R 
2883.38 
(141.16) 
2788.54 
(149.40) 
6.55E-
01 6.17(1, 58) 
1.59E-
02 5.18(1, 58) 2.66E-02 
Parietal_Sup_
L 
783.24 
(61.85) 
862.02 
(65.45) 
3.98E-
01 4.78(1, 58) 
3.28E-
02 0.50(1, 58) 4.80E-01 
Calcarine_R 1326.50 (71.06) 
1152.27 
(75.40) 
1.08E-
01 5.11(1, 58) 
2.75E-
02 3.99(1, 58) 5.04E-02 
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 Table S3.7. Percent of Adult Comparison - Cortical Thickness
LSMeans (SE) for Child LS Means (SE) for Adult
n = 40 n = 43
Central Region
Precentral_L 2.56 ( 0.07) 2.85 ( 0.07) 2.76E-02 89.82
Precentral_R 2.44 ( 0.07) 2.87 ( 0.06) 1.22E-03 85.02
Postcentral_L 3.02 ( 0.09) 3.02 ( 0.08) 4.61E-01 96.73
Postcentral_R 2.88 ( 0.10) 3.06 ( 0.09) 3.47E-03 87.20
Rolandic_Oper_L 3.60 ( 0.13) 3.01 ( 0.12) 5.68E-01 97.54
Rolandic_Oper_R 3.45 ( 0.13) 3.13 ( 0.12) 7.44E-01 98.76
Average: 92.51
Frontal Lobe
Lateral Surface
Frontal_Sup_L 2.92 ( 0.09) 3.21 ( 0.08) 9.95E-01 100.00
Frontal_Sup_R 2.92 ( 0.10) 3.25 ( 0.09) 3.47E-01 94.12
Frontal_Mid_L 3.48 ( 0.13) 3.17 ( 0.12) 7.83E-02 90.97
Frontal_Mid_R 3.57 ( 0.13) 3.25 ( 0.12) 9.39E-02 89.85
Frontal_Inf_Oper_L 3.03 ( 0.06) 3.21 ( 0.06) 1.17E-01 94.39
Frontal_Inf_Oper_R 2.98 ( 0.06) 3.29 ( 0.06) 1.17E-02 90.58
Frontal_Inf_Tri_L 3.00 ( 0.07) 3.08 ( 0.06) 5.33E-01 97.40
Frontal_Inf_Tri_R 2.96 ( 0.09) 3.18 ( 0.09) 2.11E-01 93.08
Average: 93.80
Medial Surface
Frontal_Sup_Medial_L 3.47 ( 0.09) 3.34 ( 0.09) 5.87E-01 97.06
Frontal_Sup_Medial_R 3.58 ( 0.09) 3.46 ( 0.09) 6.43E-01 102.59
Supp_Motor_Area_L 3.17 ( 0.07) 3.25 ( 0.07) 9.96E-01 100.00
Supp_Motor_Area_R 3.19 ( 0.07) 3.23 ( 0.07) 6.61E-02 109.56
Paracentral_Lobule_L 3.08 ( 0.11) 3.08 ( 0.11) 8.66E-01 101.32
Paracentral_Lobule_R 3.21 ( 0.08) 2.93 ( 0.07) 1.30E-01 108.02
Average: 103.09
Orbital Surface
Frontal_Sup_Orb_L 3.32 ( 0.22) 3.82 ( 0.21) 1.97E-02 119.60
Frontal_Sup_Orb_R 3.18 ( 0.15) 3.92 ( 0.14) 1.70E-01 110.22
Frontal_Med_Orb_L 3.63 ( 0.11) 3.74 ( 0.10) 9.94E-01 100.00
Frontal_Med_Orb_R 3.56 ( 0.10) 3.47 ( 0.10) 5.85E-01 104.04
Frontal_Mid_Orb_L 3.58 ( 0.13) 3.58 ( 0.12) 2.06E-01 109.78
Frontal_Mid_Orb_R 3.35 ( 0.12) 3.22 ( 0.12) 1.97E-01 109.85
Frontal_Inf_Orb_L 3.70 ( 0.16) 3.67 ( 0.15) 4.67E-01 103.89
Frontal_Inf_Orb_R 3.45 ( 0.18) 3.46 ( 0.17) 4.79E-01 103.47
Rectus_L 3.52 ( 0.06) 3.40 ( 0.06) 9.02E-01 100.82
Rectus_R 3.32 ( 0.07) 3.62 ( 0.07) 9.74E-01 99.71
Olfactory_L 3.17 ( 0.09) 3.14 ( 0.09) 2.25E-01 86.91
Olfactory_R 3.28 ( 0.07) 3.13 ( 0.07) 1.12E-02 81.12
Average: 102.45
Temporal Lobe
Temporal_Sup_L 2.72 ( 0.08) 3.09 ( 0.07) 5.49E-01 103.23
Temporal_Sup_R 2.72 ( 0.06) 2.89 ( 0.06) 9.07E-01 100.64
Heschl_L 2.08 ( 0.10) 2.17 ( 0.09) 9.89E-01 100.00
Heschl_R 1.71 ( 0.12) 2.08 ( 0.11) 4.13E-01 106.19
Temporal_Mid_L 2.41 ( 0.10) 2.61 ( 0.09) 8.43E-01 99.04
Temporal_Mid_R 2.25 ( 0.10) 2.73 ( 0.10) 1.24E-01 92.50
Temporal_Inf_L 2.56 ( 0.06) 2.48 ( 0.06) 7.22E-01 98.45
Temporal_Inf_R 2.57 ( 0.07) 2.68 ( 0.06) 4.96E-03 87.20
Temporal_Pole_Sup_L 2.35 ( 0.07) 2.71 ( 0.06) 1.74E-03 123.82
Temporal_Pole_Sup_R 2.30 ( 0.09) 3.00 ( 0.08) 4.19E-02 115.69
Temporal_Pole_Mid_L 2.46 ( 0.07) 2.56 ( 0.07) 1.70E-01 119.50
Temporal_Pole_Mid_R 2.34 ( 0.08) 2.66 ( 0.07) 4.15E-02 126.84
Average: 106.09
Region of Interest P-value % of Adult Value
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 Table S3.7. Percent of Adult Comparison - Cortical Thickness, continued
LSMeans (SE) for Child LS Means (SE) for Adult
n = 40 n = 43
Insula
Insula_L 2.62 ( 0.08) 2.77 ( 0.08) 3.18E-01 103.53
Insula_R 2.41 ( 0.07) 2.79 ( 0.07) 2.62E-02 91.71
Average: 97.62
Cingulate
Cingulate_Ant_L 2.69 ( 0.11) 2.88 ( 0.10) 8.49E-01 100.96
Cingulate_Ant_R 2.34 ( 0.12) 3.10 ( 0.11) 2.70E-01 104.79
Cingulate_Mid_L 2.44 ( 0.06) 3.00 ( 0.06) 1.13E-02 88.03
Cingulate_Mid_R 2.44 ( 0.06) 3.01 ( 0.06) 1.40E-01 94.12
Cingulate_Post_L 2.37 ( 0.06) 2.45 ( 0.05) 6.58E-01 95.85
Cingulate_Post_R 2.18 ( 0.06) 2.50 ( 0.05) 9.27E-02 82.21
Average: 94.33
Parietal Lobe
Parietal_Sup_L 2.44 ( 0.10) 2.74 ( 0.09) 1.04E-01 89.05
Parietal_Sup_R 2.47 ( 0.13) 2.76 ( 0.12) 2.38E-01 89.49
Parietal_Inf_L 2.79 ( 0.08) 2.90 ( 0.08) 4.81E-01 96.21
Parietal_Inf_R 2.70 ( 0.08) 2.96 ( 0.07) 8.34E-02 91.22
Angular_L 3.07 ( 0.11) 2.99 ( 0.10) 6.42E-01 96.73
Angular_R 2.94 ( 0.10) 2.91 ( 0.10) 5.73E-01 95.65
SupraMarginal_L 2.96 ( 0.11) 3.06 ( 0.10) 7.06E-01 102.68
SupraMarginal_R 2.86 ( 0.12) 2.99 ( 0.11) 9.01E-01 101.03
Precuneus_L 2.77 ( 0.06) 2.78 ( 0.05) 9.97E-01 99.64
Precuneus_R 2.80 ( 0.07) 2.91 ( 0.07) 4.32E-01 96.22
Average: 95.79
Occipital Lobe
Occipital_Sup_L 2.30 ( 0.08) 2.27 ( 0.08) 5.01E-01 96.09
Occipital_Sup_R 2.56 ( 0.07) 2.37 ( 0.06) 2.99E-02 87.97
Occipital_Mid_L 2.87 ( 0.09) 2.87 ( 0.08) 3.24E-01 94.58
Occipital_Mid_R 3.26 ( 0.12) 3.07 ( 0.11) 5.78E-03 86.38
Occipital_Inf_L 3.20 ( 0.09) 3.10 ( 0.08) 3.55E-01 93.40
Occipital_Inf_R 3.14 ( 0.09) 3.12 ( 0.08) 1.07E-03 75.48
Cuneus_L 4.47 ( 0.14) 3.61 ( 0.13) 5.42E-01 103.23
Cuneus_R 4.35 ( 0.15) 3.76 ( 0.14) 3.95E-01 95.90
Calcarine_L 3.10 ( 0.08) 3.13 ( 0.07) 2.65E-01 92.34
Calcarine_R 2.96 ( 0.09) 3.20 ( 0.08) 1.68E-02 82.42
Lingual_L 4.29 ( 0.27) 3.59 ( 0.26) 4.83E-03 86.72
Lingual_R 4.30 ( 0.23) 3.39 ( 0.22) 3.34E-05 76.67
Fusiform_L 3.17 ( 0.07) 3.22 ( 0.07) 5.19E-06 81.33
Fusiform_R 2.93 ( 0.08) 3.36 ( 0.07) 4.68E-06 81.06
Average: 88.11
Region of Interest P-value % of Adult Value
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 Table S3.8. Percent of Adult Comparison - Surface Area
Region of Interest LSMeans (SE) for Child LSMeans (SE) for Adult P-Value % of Adult Value
n  = 40 n  = 43
Central Region
Precentral_L 2659.68 ( 218.59) 5012.99 ( 204.47) 1.48E-07 53.06
Precentral_R 3232.12 ( 189.60) 4417.42 ( 177.36) 1.24E-03 73.17
Postcentral_L 2808.20 ( 170.07) 3796.31 ( 159.09) 1.12E-03 72.99
Postcentral_R 2794.79 ( 209.82) 5173.14 ( 196.28) 2.67E-01 87.76
Rolandic_Oper_L 915.43 ( 70.58) 1238.20 ( 66.02) 8.29E-06 55.53
Rolandic_Oper_R 864.89 ( 87.22) 1734.06 ( 81.59) 1.20E-05 58.50
Average Percent: 66.83
Frontal Lobe
Lateral Surface
Frontal_Sup_L 4915.95 ( 287.48) 6252.05 ( 268.92) 2.57E-03 73.97
Frontal_Sup_R 4688.91 ( 309.76) 6266.77 ( 289.76) 4.09E-08 54.03
Frontal_Mid_L 790.17 ( 73.50) 1512.43 ( 68.75) 1.48E-02 78.63
Frontal_Mid_R 1127.99 ( 99.20) 1362.56 ( 92.80) 7.80E-03 74.82
Frontal_Inf_Oper_L 558.73 ( 122.42) 1759.88 ( 114.52) 1.20E-06 31.75
Frontal_Inf_Oper_R 1173.59 ( 142.09) 2327.36 ( 132.92) 3.99E-05 50.43
Frontal_Inf_Tri_L 2663.61 ( 215.29) 3555.11 ( 201.39) 2.93E-02 74.92
Frontal_Inf_Tri_R 2050.75 ( 170.63) 2431.45 ( 159.62) 2.35E-01 84.34
Average Percent: 65.36
Medial Surface
Frontal_Sup_Medial_L 1365.02 ( 158.46) 3463.30 ( 148.23) 3.09E-01 89.50
Frontal_Sup_Medial_R 1732.65 ( 146.76) 2888.56 ( 137.29) 3.40E-03 67.64
Supp_Motor_Area_L 1021.74 ( 91.95) 1839.97 ( 86.02) 1.84E-02 76.52
Supp_Motor_Area_R 1400.66 ( 113.99) 2394.28 ( 106.63) 9.59E-07 55.65
Paracentral_Lobule_L 1900.45 ( 129.84) 2483.45 ( 121.46) 2.94E-02 70.11
Paracentral_Lobule_R 1652.07 ( 132.78) 2968.87 ( 124.21) 4.90E-04 52.31
Average Percent: 68.62
Orbital Surface
Frontal_Sup_Orb_L 295.83 ( 49.73) 645.14 ( 46.52) 1.64E-02 73.93
Frontal_Sup_Orb_R 336.52 ( 44.36) 720.80 ( 41.50) 8.65E-07 49.88
Frontal_Med_Orb_L 2558.42 ( 157.21) 2858.58 ( 147.06) 7.61E-02 78.85
Frontal_Med_Orb_R 1669.52 ( 141.73) 2468.21 ( 132.58) 8.88E-06 50.66
Frontal_Mid_Orb_L 678.00 ( 54.23) 859.83 ( 50.72) 1.17E-06 52.25
Frontal_Mid_Orb_R 759.23 ( 83.40) 1498.56 ( 78.01) 2.09E-01 82.78
Frontal_Inf_Orb_L 560.60 ( 96.44) 1220.85 ( 90.21) 4.85E-10 39.41
Frontal_Inf_Orb_R 523.62 ( 99.56) 1371.94 ( 93.14) 6.43E-05 59.98
Rectus_L 2082.70 ( 139.40) 2651.14 ( 130.40) 4.39E-04 45.92
Rectus_R 2121.70 ( 134.47) 2280.74 ( 125.79) 1.79E-05 38.17
Olfactory_L 1465.69 ( 147.01) 2842.79 ( 137.52) 3.19E-04 45.86
Olfactory_R 1599.99 ( 139.46) 2711.23 ( 130.45) 1.34E-05 46.69
Average Percent: 55.36
Temporal Lobe
Temporal_Sup_L 1911.88 ( 150.15) 3706.88 ( 140.45) 3.82E-03 72.13
Temporal_Sup_R 1865.52 ( 171.55) 4756.01 ( 160.48) 4.08E-02 78.73
Heschl_L 357.33 ( 82.26) 1154.28 ( 76.95) 8.26E-01 104.44
Heschl_R 207.30 ( 53.64) 922.65 ( 50.18) 1.88E-01 66.63
Temporal_Mid_L 2956.85 ( 209.03) 3753.74 ( 195.53) 1.44E-04 65.32
Temporal_Mid_R 2310.93 ( 168.18) 3146.43 ( 157.32) 5.11E-02 81.12
Temporal_Inf_L 2633.79 ( 165.58) 2256.29 ( 154.89) 4.34E-02 79.21
Temporal_Inf_R 2272.88 ( 148.72) 2666.94 ( 139.12) 4.42E-01 92.90
Temporal_Pole_Sup_L 2258.45 ( 212.97) 4692.24 ( 199.22) 9.62E-01 98.79
Temporal_Pole_Sup_R 2333.99 ( 184.37) 4460.66 ( 172.47) 7.71E-01 107.25
Temporal_Pole_Mid_L 1466.81 ( 134.09) 2163.80 ( 125.43) 5.11E-01 76.39
Temporal_Pole_Mid_R 1702.95 ( 146.77) 2297.56 ( 137.29) 6.86E-01 113.33
Average Percent: 86.35  
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 Table S3.8. Percent of Adult Comparison - Surface Area, continued
Region of Interest LSMeans (SE) for Child LSMeans (SE) for Adult P-Value % of Adult Value
n  = 40 n  = 43
Insula
Insula_L 3852.40 ( 302.51) 6038.02 ( 282.98) 3.18E-02 78.56
Insula_R 2916.14 ( 207.94) 3758.90 ( 194.52) 5.28E-01 93.03
Average Percent: 85.79
Cingulate
Cingulate_Ant_L 1154.59 ( 116.47) 1603.22 ( 108.95) 3.11E-06 51.56
Cingulate_Ant_R 1322.48 ( 130.45) 2028.80 ( 122.03) 5.37E-05 59.01
Cingulate_Mid_L 3174.41 ( 194.53) 3942.01 ( 181.97) 9.86E-09 51.58
Cingulate_Mid_R 3395.05 ( 216.68) 3696.58 ( 202.69) 8.44E-14 39.22
Cingulate_Post_L 4128.16 ( 242.11) 5655.87 ( 226.48) 1.57E-06 30.96
Cingulate_Post_R 4279.24 ( 286.13) 4876.11 ( 267.66) 3.88E-10 22.47
Average Percent: 42.47
Parietal Lobe
Parietal_Sup_L 2329.24 ( 211.86) 3208.20 ( 198.18) 2.90E-02 72.60
Parietal_Sup_R 2713.69 ( 244.61) 3346.33 ( 228.81) 1.70E-01 81.09
Parietal_Inf_L 2602.45 ( 254.35) 4472.24 ( 237.93) 1.74E-04 58.19
Parietal_Inf_R 1890.01 ( 174.91) 2435.80 ( 163.62) 9.84E-02 77.59
Angular_L 1077.86 ( 129.48) 1910.08 ( 121.12) 8.92E-01 97.62
Angular_R 2192.98 ( 196.41) 2799.85 ( 183.73) 3.28E-01 85.05
SupraMarginal_L 2145.06 ( 206.12) 2197.31 ( 192.81) 9.16E-04 56.43
SupraMarginal_R 2684.65 ( 256.98) 3156.66 ( 240.39) 1.02E-01 78.32
Precuneus_L 5075.20 ( 252.27) 5950.29 ( 235.98) 6.67E-02 85.29
Precuneus_R 3087.52 ( 240.96) 6639.37 ( 225.41) 1.36E-11 46.50
Average Percent: 73.87
Occipital Lobe
Occipital_Sup_L 992.99 ( 102.29) 1416.26 ( 95.68) 6.67E-03 67.79
Occipital_Sup_R 515.33 ( 69.24) 985.07 ( 64.77) 3.29E-02 74.12
Occipital_Mid_L 274.32 ( 28.30) 262.66 ( 26.47) 2.21E-04 63.80
Occipital_Mid_R 192.00 ( 38.79) 288.18 ( 36.29) 3.28E-02 77.58
Occipital_Inf_L 3188.78 ( 221.62) 4421.04 ( 207.32) 4.22E-02 72.02
Occipital_Inf_R 3461.28 ( 241.03) 4396.58 ( 225.47) 4.80E-03 65.19
Cuneus_L 887.69 ( 121.20) 898.52 ( 113.38) 2.25E-01 116.73
Cuneus_R 991.86 ( 122.85) 924.78 ( 114.92) 1.59E-01 85.22
Calcarine_L 5326.02 ( 379.35) 8153.94 ( 354.86) 4.43E-02 78.77
Calcarine_R 5946.26 ( 374.41) 7330.02 ( 350.23) 9.38E-03 73.45
Lingual_L 586.00 ( 146.95) 767.12 ( 137.46) 3.31E-08 48.13
Lingual_R 1057.91 ( 164.49) 933.49 ( 153.87) 2.59E-08 52.32
Fusiform_L 3543.97 ( 242.89) 4474.07 ( 227.21) 3.76E-02 80.53
Fusiform_R 4877.42 ( 258.56) 5249.97 ( 241.86) 4.58E-01 91.84
Average Percent: 74.82  
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Region of Interest Partial Correlation P-Value Region of Interest Partial Correlation P-value
Parietal_Inf_L 0.69 1.89E-06 SupraMarginal_R 0.85 9.35E-12
Temporal_Inf_L 0.64 1.67E-05 Angular_R 0.81 5.33E-10
Frontal_Mid_Orb_L 0.63 2.47E-05 Temporal_Mid_R 0.80 2.05E-09
Occipital_Inf_L 0.58 1.56E-04 Frontal_Mid_Orb_L 0.80 2.34E-09
Insula_L 0.55 3.93E-04 Parietal_Inf_L 0.76 3.89E-08
Frontal_Mid_Orb_R 0.52 7.96E-04 Parietal_Inf_R 0.75 5.64E-08
Olfactory_L 0.51 1.08E-03 Cingulum_Mid_R 0.72 3.80E-07
Temporal_Inf_R 0.45 5.00E-03 Occipital_Mid_L 0.71 7.43E-07
Parietal_Sup_R 0.43 6.82E-03 Temporal_Inf_L 0.68 2.13E-06
Frontal_Inf_Orb_L 0.42 8.70E-03 Frontal_Inf_Orb_L 0.67 4.34E-06
Fusiform_L 0.41 1.08E-02 Occipital_Inf_L 0.65 1.08E-05
Occipital_Mid_R 0.40 1.22E-02 Frontal_Mid_Orb_R 0.65 1.11E-05
Frontal_Sup_Orb_L 0.39 1.59E-02 SupraMarginal_L 0.62 3.68E-05
Frontal_Mid_L 0.38 1.82E-02 Frontal_Sup_Orb_R 0.61 4.26E-05
Parietal_Inf_R 0.37 2.37E-02 Temporal_Mid_L 0.59 8.23E-05
Cingulum_Mid_R 0.36 2.61E-02 Occipital_Mid_R 0.57 1.94E-04
Cingulum_Post_L 0.34 3.80E-02 Occipital_Sup_L 0.54 4.78E-04
Lingual_L 0.33 4.30E-02 Parietal_Sup_R 0.53 7.12E-04
Occipital_Inf_R 0.32 4.69E-02 Frontal_Inf_Orb_R 0.50 1.45E-03
Frontal_Inf_Orb_R 0.32 5.01E-02 Frontal_Sup_Medial_R 0.49 1.92E-03
Cingulum_Mid_L 0.32 5.15E-02 Fusiform_L 0.48 2.08E-03
Frontal_Med_Orb_L 0.30 6.80E-02 Frontal_Sup_Orb_L 0.43 7.68E-03
Frontal_Inf_Tri_L 0.30 7.22E-02 Angular_L 0.42 8.24E-03
Insula_R 0.28 9.15E-02 Paracentral_Lobule_L 0.41 1.09E-02
Occipital_Mid_L 0.27 1.01E-01 Lingual_L 0.40 1.26E-02
Temporal_Mid_R 0.26 1.21E-01 Temporal_Sup_R 0.39 1.49E-02
Temporal_Mid_L 0.24 1.49E-01 Temporal_Pole_Mid_L 0.37 2.21E-02
Paracentral_Lobule_R 0.23 1.67E-01 Parietal_Sup_L 0.34 3.47E-02
Angular_L 0.23 1.67E-01 Cingulum_Mid_L 0.29 8.07E-02
Occipital_Sup_L 0.21 2.11E-01 Heschl_L 0.28 8.54E-02
Cuneus_L 0.19 2.57E-01 Frontal_Med_Orb_R 0.26 1.15E-01
Frontal_Sup_Orb_R 0.19 2.62E-01 Frontal_Med_Orb_L 0.23 1.59E-01
Cingulum_Ant_L 0.16 3.26E-01 Cingulum_Ant_R 0.22 1.94E-01
Frontal_Sup_R 0.15 3.74E-01 Occipital_Sup_R 0.21 2.02E-01
Fusiform_R 0.13 4.21E-01 Supp_Motor_Area_R 0.20 2.29E-01
Precuneus_R 0.13 4.41E-01 Fusiform_R 0.19 2.50E-01
Angular_R 0.13 4.49E-01 Insula_L 0.18 2.74E-01
Lingual_R 0.12 4.66E-01 Cingulum_Post_L 0.14 3.99E-01
Paracentral_Lobule_L 0.09 5.83E-01 Postcentral_R 0.14 4.09E-01
Heschl_R 0.08 6.42E-01 Precentral_L 0.14 4.18E-01
Calcarine_R 0.07 6.74E-01 Temporal_Inf_R 0.12 4.61E-01
Frontal_Sup_L 0.06 7.01E-01 Frontal_Mid_L 0.12 4.88E-01
SupraMarginal_L 0.05 7.54E-01 Occipital_Inf_R 0.08 6.40E-01
Frontal_Mid_R 0.05 7.60E-01 Frontal_Inf_Oper_R 0.06 7.02E-01
Olfactory_R 0.04 7.96E-01 Temporal_Pole_Sup_L 0.03 8.54E-01
Temporal_Pole_Mid_R 0.03 8.35E-01 Precuneus_R 0.02 9.20E-01
SupraMarginal_R 0.02 8.93E-01 Precuneus_L 0.01 9.34E-01
Heschl_L 0.01 9.50E-01 Frontal_Mid_R 0.00 1.00E+00
Frontal_Med_Orb_R 0.01 9.55E-01 Cingulum_Ant_L 0.00 9.97E-01
Frontal_Inf_Oper_R 0.01 9.64E-01 Cingulum_Post_R -0.03 8.61E-01
Cingulum_Ant_R -0.01 9.62E-01 Lingual_R -0.03 8.59E-01
Parietal_Sup_L -0.01 9.29E-01 Rectus_L -0.04 8.34E-01
Temporal_Pole_Mid_L -0.02 9.16E-01 Insula_R -0.04 8.08E-01
Cingulum_Post_R -0.02 8.99E-01 Olfactory_L -0.04 7.91E-01
Cuneus_R -0.07 6.55E-01 Rectus_R -0.05 7.80E-01
Temporal_Pole_Sup_R -0.09 5.88E-01 Frontal_Inf_Tri_R -0.07 6.73E-01
Calcarine_L -0.11 4.93E-01 Cuneus_R -0.10 5.52E-01
Precuneus_L -0.13 4.53E-01 Rolandic_Oper_L -0.11 5.21E-01
Occipital_Sup_R -0.17 3.20E-01 Cuneus_L -0.13 4.28E-01
Rectus_L -0.17 3.07E-01 Paracentral_Lobule_R -0.16 3.33E-01
Supp_Motor_Area_R -0.17 3.00E-01 Heschl_R -0.19 2.54E-01
Rolandic_Oper_R -0.19 2.49E-01 Frontal_Inf_Tri_L -0.20 2.36E-01
Precentral_R -0.20 2.39E-01 Temporal_Pole_Mid_R -0.22 1.91E-01
Rolandic_Oper_L -0.20 2.21E-01 Precentral_R -0.22 1.89E-01
Postcentral_R -0.22 1.89E-01 Calcarine_L -0.24 1.46E-01
Frontal_Inf_Tri_R -0.22 1.76E-01 Postcentral_L -0.26 1.18E-01
Supp_Motor_Area_L -0.23 1.65E-01 Temporal_Sup_L -0.26 1.12E-01
Precentral_L -0.25 1.27E-01 Calcarine_R -0.30 6.95E-02
Temporal_Sup_R -0.28 8.36E-02 Supp_Motor_Area_L -0.33 4.01E-02
Temporal_Pole_Sup_L -0.29 7.60E-02 Temporal_Pole_Sup_R -0.41 1.15E-02
Temporal_Sup_L -0.31 5.54E-02 Rolandic_Oper_R -0.44 6.29E-03
Frontal_Inf_Oper_L -0.38 2.03E-02 Frontal_Sup_Medial_L -0.45 4.94E-03
Rectus_R -0.42 9.11E-03 Olfactory_R -0.50 1.47E-03
Frontal_Sup_Medial_L -0.48 2.17E-03 Frontal_Sup_L -0.51 1.14E-03
Postcentral_L -0.56 2.59E-04 Frontal_Sup_R -0.54 4.86E-04
Frontal_Sup_Medial_R -0.64 1.84E-05 Frontal_Inf_Oper_L -0.65 8.16E-06
Singleton Cohort
Birth to 1 Year 1 to 2 Years
Table S3.9. Correlations of Change Between Cortical Thickness and Surface Area
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Region of Interest Partial Correlation P-Value Region of Interest Partial Correlation P-value
Occipital_Mid_L 0.68 5.64E-05 Precentral_R 0.54 2.32E-03
Precentral_R 0.58 1.09E-03 Parietal_Sup_R 0.43 2.02E-02
Calcarine_L 0.48 8.21E-03 Parietal_Sup_L 0.39 3.88E-02
Fusiform_R 0.48 8.29E-03 Precentral_L 0.33 7.77E-02
Frontal_Mid_R 0.47 9.76E-03 Frontal_Mid_L 0.33 7.98E-02
Precentral_L 0.44 1.77E-02 Parietal_Inf_L 0.29 1.25E-01
Frontal_Inf_Oper_L 0.42 2.22E-02 Angular_R 0.27 1.64E-01
SupraMarginal_R 0.38 4.17E-02 Cuneus_R 0.25 1.94E-01
Temporal_Inf_R 0.36 5.38E-02 Frontal_Sup_R 0.24 2.09E-01
Insula_L 0.36 5.48E-02 Parietal_Inf_R 0.24 2.15E-01
Occipital_Inf_L 0.35 6.48E-02 Cingulum_Post_L 0.23 2.30E-01
Temporal_Mid_R 0.34 6.85E-02 Occipital_Mid_L 0.21 2.73E-01
Parietal_Inf_L 0.33 8.15E-02 Angular_L 0.16 4.04E-01
Cuneus_R 0.32 9.11E-02 SupraMarginal_R 0.15 4.24E-01
Frontal_Sup_L 0.31 9.66E-02 Occipital_Mid_R 0.15 4.51E-01
Temporal_Mid_L 0.30 1.16E-01 Insula_L 0.14 4.85E-01
Occipital_Inf_R 0.28 1.37E-01 Paracentral_Lobule_L 0.12 5.38E-01
Calcarine_R 0.27 1.54E-01 Frontal_Sup_Orb_R 0.11 5.76E-01
Frontal_Mid_L 0.27 1.61E-01 Frontal_Sup_L 0.08 6.70E-01
Occipital_Mid_R 0.26 1.72E-01 Occipital_Inf_R 0.08 6.75E-01
Cingulum_Post_R 0.25 1.87E-01 SupraMarginal_L 0.07 7.32E-01
Rolandic_Oper_R 0.24 2.03E-01 Supp_Motor_Area_R 0.04 8.40E-01
Insula_R 0.23 2.22E-01 Occipital_Sup_R 0.03 8.84E-01
Precuneus_R 0.23 2.33E-01 Olfactory_L 0.03 8.84E-01
Supp_Motor_Area_L 0.22 2.43E-01 Frontal_Mid_R 0.03 8.88E-01
Frontal_Inf_Oper_R 0.22 2.49E-01 Temporal_Inf_L 0.02 9.21E-01
Cingulum_Mid_L 0.22 2.52E-01 Occipital_Sup_L 0.01 9.75E-01
Frontal_Sup_R 0.22 2.63E-01 Frontal_Sup_Medial_R 0.00 9.93E-01
Occipital_Sup_R 0.20 2.95E-01 Supp_Motor_Area_L -0.04 8.30E-01
Frontal_Mid_Orb_R 0.18 3.59E-01 Precuneus_L -0.08 6.97E-01
Parietal_Inf_R 0.16 3.93E-01 Frontal_Inf_Tri_R -0.09 6.53E-01
Temporal_Sup_R 0.14 4.58E-01 Heschl_R -0.10 6.14E-01
Angular_R 0.13 4.93E-01 Temporal_Pole_Mid_L -0.10 6.03E-01
Cingulum_Mid_R 0.12 5.35E-01 Postcentral_R -0.12 5.41E-01
Temporal_Inf_L 0.12 5.47E-01 Lingual_R -0.13 5.02E-01
Angular_L 0.12 5.52E-01 Temporal_Inf_R -0.13 4.90E-01
Frontal_Sup_Orb_L 0.11 5.66E-01 Precuneus_R -0.14 4.79E-01
Parietal_Sup_R 0.09 6.24E-01 Fusiform_L -0.15 4.37E-01
Frontal_Mid_Orb_L 0.09 6.49E-01 Olfactory_R -0.18 3.47E-01
Cingulum_Post_L 0.09 6.54E-01 Frontal_Med_Orb_R -0.19 3.25E-01
Frontal_Inf_Tri_L 0.08 6.72E-01 Frontal_Mid_Orb_L -0.21 2.67E-01
Parietal_Sup_L 0.08 6.84E-01 Cuneus_L -0.21 2.64E-01
Lingual_L 0.08 6.86E-01 Temporal_Mid_L -0.22 2.55E-01
Rolandic_Oper_L 0.06 7.65E-01 Cingulum_Post_R -0.23 2.36E-01
Temporal_Sup_L 0.05 8.00E-01 Frontal_Inf_Oper_R -0.23 2.32E-01
Heschl_R 0.02 8.98E-01 Temporal_Sup_R -0.25 1.87E-01
Frontal_Inf_Orb_R 0.02 9.31E-01 Insula_R -0.26 1.80E-01
Precuneus_L 0.02 9.35E-01 Cingulum_Mid_R -0.26 1.67E-01
Paracentral_Lobule_R 0.01 9.51E-01 Calcarine_R -0.28 1.49E-01
Temporal_Pole_Mid_L 0.01 9.56E-01 Frontal_Inf_Tri_L -0.29 1.21E-01
Paracentral_Lobule_L -0.01 9.69E-01 Occipital_Inf_L -0.32 9.48E-02
Postcentral_R -0.01 9.66E-01 Frontal_Sup_Orb_L -0.32 8.96E-02
Supp_Motor_Area_R -0.02 9.16E-01 Paracentral_Lobule_R -0.32 8.71E-02
Olfactory_L -0.05 7.88E-01 Heschl_L -0.33 8.41E-02
Frontal_Inf_Tri_R -0.06 7.50E-01 Cingulum_Ant_L -0.33 7.97E-02
Fusiform_L -0.08 6.86E-01 Frontal_Sup_Medial_L -0.34 7.07E-02
Cingulum_Ant_L -0.09 6.54E-01 Fusiform_R -0.35 6.58E-02
Frontal_Sup_Medial_R -0.10 6.21E-01 Cingulum_Mid_L -0.35 6.45E-02
Frontal_Med_Orb_L -0.10 5.88E-01 Rolandic_Oper_R -0.36 5.56E-02
Frontal_Sup_Medial_L -0.13 5.07E-01 Calcarine_L -0.36 5.42E-02
Cuneus_L -0.13 4.95E-01 Frontal_Mid_Orb_R -0.37 4.77E-02
Olfactory_R -0.13 4.91E-01 Frontal_Med_Orb_L -0.37 4.71E-02
Occipital_Sup_L -0.14 4.64E-01 Temporal_Mid_R -0.39 3.78E-02
Lingual_R -0.14 4.60E-01 Frontal_Inf_Orb_R -0.39 3.56E-02
Frontal_Sup_Orb_R -0.18 3.57E-01 Temporal_Pole_Sup_L -0.40 3.24E-02
Frontal_Med_Orb_R -0.19 3.22E-01 Rolandic_Oper_L -0.40 3.01E-02
Frontal_Inf_Orb_L -0.24 2.12E-01 Postcentral_L -0.41 2.77E-02
Heschl_L -0.25 1.89E-01 Temporal_Pole_Mid_R -0.47 9.61E-03
Cingulum_Ant_R -0.27 1.59E-01 Temporal_Sup_L -0.47 9.34E-03
Postcentral_L -0.32 9.54E-02 Frontal_Inf_Oper_L -0.48 9.06E-03
SupraMarginal_L -0.32 9.04E-02 Cingulum_Ant_R -0.50 5.54E-03
Rectus_L -0.41 2.79E-02 Frontal_Inf_Orb_L -0.51 4.67E-03
Temporal_Pole_Sup_L -0.42 2.46E-02 Rectus_L -0.52 3.84E-03
Temporal_Pole_Mid_R -0.57 1.20E-03 Temporal_Pole_Sup_R -0.55 2.07E-03
Temporal_Pole_Sup_R -0.58 1.02E-03 Lingual_L -0.65 1.16E-04
Rectus_R -0.62 3.19E-04 Rectus_R -0.72 1.30E-05
Table S3.9. Correlations of Change Between Cortical Thickness and Surface Area, continued
Twin Cohort
Birth to 1 Year 1 to 2 Years
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CHAPTER 4: CORTICAL SURFACE MEASURES ARE RELATED TO FUTURE 
COGNITIVE OUTCOMES IN EARLY CHILDHOOD 
 
Introduction  
 
Mounting evidence has demonstrated that aspects of early brain 
development, such as premature birth, low birth weight, maternal infection or poor 
maternal nutrition, can have a long-term impact on cognitive ability (Eriksen et al., 
2013; Leppanen et al., 2013; Mento & Bisiacchi, 2012; Noble, Houston, Kan, & 
Sowell, 2012).  The first years of life are the most dynamic and perhaps the most 
critical phase of postnatal brain development.  Concurrent with the rapid pace of 
structural brain growth is the equally rapid development of a wide range of cognitive 
and motor functions (Kagan & Herschkowitz, 2005). The need to understand normal 
brain development as a foundation for cognition and behavior is becoming 
increasingly clear.  However, little is known about the relationship between cortical 
structures and the burgeoning cognitive capabilities during infancy in typically 
developing children.   
 Gray matter has previously been identified as the best predictor of variation in 
IQ in adults (Narr et al 2006). Multiple studies have consistently shown both total 
and regional gray matter volumes are positively correlated with general cognitive 
intelligence (Colom, Jung, & Haier, 2006; Haier et al., 2004; D Posthuma et al., 
2003; Daniëlle Posthuma et al., 2002).  Previous studies in older children and adults 
indicate that intelligence is significantly associated with increased cortical thickness 
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in a distributed network of cortical regions that includes the dorsal lateral prefrontal 
cortex, anterior cingulate gyrus, inferior parietal cortex, as well as regions in the 
temporal cortex (Burgaleta, Johnson, Waber, Colom, & Karama, 2014; Choi et al., 
2008; Colom, Burgaleta, Román, Karama, Alvarez-Linera, et al., 2013; Goh et al., 
2011; Karama et al., 2011; Luders, Narr, Thompson, & Toga, 2009; Narr et al., 2007; 
Shaw et al., 2006; Sowell, Thompson, Leonard, et al., 2004). Shaw and colleagues 
(2006) demonstrated that the developmental pattern of cortical thickness 
development from 4 to 22 years of age was indicative of IQ. In fact, individuals with 
superior IQ exhibited a more dynamic pattern of cortical thickening in early 
development and cortical thinning in adolescence and adulthood than individuals 
with an above average or average IQ (Shaw et al., 2006).  This seminal study 
demonstrated that the longitudinal trajectory of cortical development was more 
related to intellectual ability than the cross-sectional structure of the cortex at any 
specific time point (Shaw et al., 2006).  While less is known about the relationship 
between surface area and intelligence, a few recent studies have shown strong 
positive correlations with IQ in adolescence and adults (Colom, Burgaleta, Román, 
Karama, Alvarez-Linera, et al., 2013; Schnack et al., 2014; Vuoksimaa et al., 2014; 
Yoon, Perusse, & Evans, 2012).  Despite the large number of publications 
describing relationships between general cognitive ability and cortical structure, to 
date very few studies have investigated these structure-function relationships in very 
young children.  Understanding this relationship is particularly important in the first 
few postnatal years because of the extraordinary amount of gray matter growth that 
occurs.  In the first two years after birth, cortical gray matter increases dramatically. 
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Previous studies in very young children have shown that by 2 years of age, cortical 
gray matter volume reaches ~80% of adult volume (Knickmeyer et al 2008) with 
cortical thickness and surface area reaching 97% and 69% of adult volume, 
respectively (Lyall et al, 2014). Longitudinal developmental trajectories of both 
cortical thickness and surface area were defined in a recent study by Lyall and 
colleagues (2014) and showed that faster growing regions tended to be occipital, 
parietal and temporal association cortices while primary cortical regions serving 
motor and sensory functions tended to develop more slowly (Lyall et al 2014).  In the 
first years after birth, key developmental milestones involve the onset and 
refinement of sensorimotor skills and early language capabilities (“NIDCD Fact 
SheetSpeech and Language Developmental Milestones,” 2011).  However, it is 
currently unclear whether or not there is a direct relationship between the 
development of these early cognitive abilities and the dynamic growth occurring in 
the cortical structure.  
 The goal of this study is to determine which regions of the cortex are most 
related to 2-year cognitive outcomes during the first two years of postnatal cortical 
development.  The following study utilizes a unique population, behavioral 
assessments and statistical modeling to study the structural correlates of functional 
brain development in very young children.  To accomplish this goal, a cohort of 69 
healthy children underwent MRI scanning at 2 weeks, 1 year and 2 years.  In 
addition to collecting longitudinal pediatric imaging data, a battery of cognitive 
assessments was collected at 1 and 2 years of age. The primary measure used to 
assess general cognitive ability was the Mullen Scales of Early Learning (MSEL) 
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(Mullen, 1995). This assessment specifically examines modality performance in 5 
independent standardized scales: gross motor; fine motor, visual reception, 
expressive language and receptive language.   
The theoretical basis of the Mullen Scales of Early Learning represents the 
perspective that early cognitive development is best modeled by a group of cognitive 
abilities as opposed to a single score.  In early cognitive development, the 
maturation of cognitive abilities is remarkably uneven across subjects. The benefit of 
utilizing a measure with 5 different scales is that weaknesses within specific abilities 
can be isolated and an intervention can be tailored specifically to that child’s needs.  
However, previous studies investigating the relationship between cognitive ability 
and cortical structure have primarily utilized a single IQ score in the analyses 
(Burgaleta et al., 2014; Frangou et al., 2004; Narr et al., 2007). The Mullen Scale of 
Early Learning provides an Early Learning Composite Scores, which is made up of 
scores from all of the independent scales except for gross motor, that can be 
thought to represent the general factor of intelligence, g (Mullen, 1995).  Therefore, 
the Early Learning Composite Score was utilized as a standardized IQ score for 
infants in an effort to be consistent with previous literature. 
Based on the findings of Shaw and colleagues (2006), we expect that the 
longitudinal developmental trajectories of gray matter from birth to 2 years of age will 
be most related to cognitive outcomes at 2 years of age (Shaw et al., 2006). Cortical 
trajectories within the anterior cingulate, dorsolateral prefrontal, and orbitofrontal 
cortices were selected a priori, to be the ones most likely to be related to 2 year 
Early Learning Composite Scores, as these are highly involved in cognition in 
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studies of late childhood and adults (Frangou et al., 2004; Haier et al., 2004; Narr et 
al., 2007; Wilke et al., 2003). We hypothesized that neonatal structure; 2-year 
structure; and the structural changes between birth and 1 year or 1 and 2 years of 
age would be less related to 2-year cognitive outcomes. Additionally, we expected 
cortical thickness to be more associated with cognitive ability than surface area 
would be, based on previous findings in late childhood and adolescence (Burgaleta 
et al., 2014; Choi et al., 2008; Colom, Burgaleta, Román, Karama, Alvarez-Linera, et 
al., 2013; Goh et al., 2011; Karama et al., 2011; Luders et al., 2009; Narr et al., 
2007; Shaw et al., 2006; Sowell, Thompson, Leonard, et al., 2004).    
Methods  
 
The Institutional Review Board of the University of North Carolina at Chapel 
Hill approved this study. Subjects were part of large prospective studies of early 
childhood brain development in healthy singletons and twins (Gilmore et al., 2011; 
Gilmore, Lin, Prastawa, et al., 2007b; Gilmore, Schmitt, et al., 2010; Knickmeyer et 
al., 2008). Subjects were recruited prenatally and scanned shortly after birth, and at 
ages 1 and 2 years; they were assessed with the Mullen Scales of Early Learning 
(Mullen, 1995) at 1 and 2 years of age. Children with a complete set of successful 
longitudinal scans were included in this study; exclusion criteria were 1) gestational 
age at birth less than 32 weeks, 2) stay in the neonatal intensive care unit for more 
than 1 day, 3) abnormality on MRI other than a minor intracranial hemorrhage, 
common in the neonatal period (Looney et al., 2006), 4) major medical or neurologic 
illness after birth or 5) Mullen Early Learning Composite score of < 71 (Mullen, 
1995). 
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The primary study population consists of 39 typically developing singletons and 
30 typically developing “single” twins randomly selected from twin pairs. Thirty-seven 
subjects (20 singletons; 17 twins) were included in a previous analysis of regional 
gray matter development (Gilmore et al., 2011) and vertex-based analyses of 
surface area expansion and structural cortical asymmetries (Li, Nie, Wang, et al., 
2012; Li, Nie, Wang, Shi, Lyall, et al., 2013).  Demographic information for the 
longitudinal cohort can be found in Table 1.  
Image Acquisition and Analysis 
 
This analysis is conducted on the same data utilized in Chapter 3 (Lyall et al 
2014). A detailed explanation of the steps involved in the acquisition and image 
analysis can be found in the Methods section of Chapter 3 of this dissertation.  The 
only difference between the datasets in Chapter 3 and the present analysis is that 
two subjects have been removed because they did not complete the behavioral 
assessments.  
 
2.3 Developmental Assessments 
 
In this study, indicators of General Cognitive Development are reflected in the 
Early Learning Composite score from the Mullen Scales of Early Learning (MSEL) 
administered at 1 and 2 years (Mullen, 1995). The MSEL consists of 5 Scales: Gross 
Motor, Fine Motor, Receptive Language, Expressive Language and Visual 
Reception. The Early Learning Composite is comprised of all the Scales except 
Gross Motor.  Multiple scores are derived from this assessment, including raw, 
scaled/normed, age equivalents, percentiles, and categorical designations. The 
MSEL was standardized over an 8-year period on a nationally representative sample 
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of 1,849 children ranging in age from 2 days to 69 months, with nearly equal 
participation by males and females at each age.  The MSEL has very satisfactory 
internal consistency (median values from 0.75 to 0.83), which supports the use of 
the five Scales as distinct.   
Principal-factor loadings also support the construct validity of the Early 
Learning Composite as a measure of general cognitive ability. The internal reliability 
of the Early Learning Composite was high, with a median value of 0.91. 
Assessments are videotaped for detailed scoring afterwards, as well as being scored 
in real-time.  In addition to the activities completed with the children themselves, 
parents also complete a standardized parent report of the child’s typical behavior to 
complement what we see in the single assessment session at each age. 
2.3 Statistical Analysis 
 
All statistical analyses were performed using SAS statistical software, version 
9.3. For demographic variables, frequency distributions were calculated for 
categorical variables, and means (standard deviations) were calculated for 
continuous variables.  All 69 subjects had complete data including scans at 2 weeks, 
1 year and 2 years and a validated 2 Year Mullen Early Learning Composite Score.  
Partial correlations between cortical surface measures (CT and SA) and 2 Year 
Mullen Early Learning Composite Score were calculated for 1) neonatal structure, 2) 
2 year structure, 3) the magnitude of change between neonate and 1 year, and 4) 
the magnitude of change between 1 and 2 years. Cortical thickness and surface 
area were analyzed separately. Covariates for the neonatal and 2 years structure 
partial correlations included gender, gestational age at birth (days), chronological 
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age (years), maternal education (years), neonatal T2 fast scan status, twin status, 
and mean cortical thickness or total cortical volume, respectively.  Covariates for the 
change between neonate and 1 year and change between 1 and 2 years of age 
included gender, gestational age at birth (days), chronological age (years), maternal 
education (years), neonatal T2 fast scan status, twin status, and mean cortical 
thickness or total cortical volume, respectively, for each age studied (i.e. neonatal 
mean cortical thickness and 1 year mean cortical thickness were included in the 
analysis investigating the relationship between 2 Year MSEL composite scores and 
the change in cortical thickness between neonate and 1 year).   
 To test whether the overall trajectory of cortical surface measure development 
was related to cognitive outcomes at 2 years of age, the following steps were 
performed within all cortical regions of interest for cortical thickness and surface 
area, separately. First, point estimates for CT or SA were calculated within each 
region of interest at neonate, 1 year and 2 years of age. Next, a two-tailed t-test was 
conducted for each surface measure point-estimate to determine if they are different 
from zero. Second, slope estimates for CT or SA were calculated for each cortical 
region of interest to assess the rate of change within that region between neonate 
and 1 year or 1 and 2 years. Once again, a two-tailed t-test was conducted to 
determine if the slope estimates calculated for the rate of CT or SA change between 
neonate to 1 or 1 to 2 years within each cortical region were different from zero. 
Third, a F-test was conducted which utilized two slope estimates and determined 
whether or not one of the two slope estimates was different from zero. If one of the 
two slope estimates were significantly different from zero, the F test would also be 
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significant.  Finally, partial correlations between slope estimates of the overall 
trajectory and 2 Year Early Learning Composite Scores would be calculated to 
determine if there were any significant relationships.  
We hypothesized that the overall trajectory of cortical thickness would be the 
most predictive of cognitive outcomes at 2 years of age. The primary region of 
interest in this analysis is the anterior cingulate gyrus. This region was tested without 
correction for multiple comparisons at a significance level of 0.05. Key secondary 
hypotheses, the middle frontal gyrus and the orbital surface of the superior frontal 
gyrus were tested using a Bonferroni correction. For all other statistical hypothesis, 
tests were not corrected for multiple comparisons, as the analyses on the remaining 
ROIs are considered primarily hypothesis-generating.   
Results 
 
 All results are presented controlling for mean cortical thickness or cortical 
volume for cortical thickness and surface area, respectively. Only significant regional 
findings are presented for each contrast, but results from the complete analysis are 
presented in Supplementary Tables S4.1, S4.2 and S4.3 and Figure 4.1 and 4.2.  
3.1 Final Structure 
 
2-Year Cortical Thickness 
 Five 2-year-old regions had cortical thickness values that were significantly 
associated with 2 Year MSEL Composite Scores (Table S4.1, Figure 4.1). None of 
our a priori regional hypotheses (anterior cingulate, middle frontal gyrus, or orbital 
surface of superior frontal gyrus) were found to be significant. The left and right 
middle temporal gyrus (left: r = 0.2735, p = 0.0287; right: r = .3486, p = 0.0048) as 
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well as the right inferior temporal gyrus (r = 0.3986, p = 0.0011) had cortical 
thickness values that were significantly and positively related to MSEL 2 Year 
Composite Scores (Table 2). On the other hand, the right orbital and medial surface 
of the medial frontal gyrus had cortical thickness values that were significantly and 
inversely related to 2 Year MSEL Composite Scores (orbital: r = -0.2730, p = 0.0291; 
medial: r = -0.2853, p = 0.0223).  
2-Year Surface Area 
 Three regions had surface area values at 2 years of age were significantly 
associated with 2 Year MSEL Composite Scores (Table S4.2, Figure 4.2). None of 
our a priori hypotheses were found to be significant. Surface area in the left inferior 
parietal gyrus (r = 0.2783, p = 0.0259) and the left precuneus (r = 0.2493, p = 
0.0470) was significantly and positive related to 2 Year MSEL Composite Scores 
(Table S4.2). The surface area of the right lingual gyrus also displayed a significant 
relationship but was inversely related (r = -0.2638, p = 0.0352).  
3.2 Initial Structure 
 
Neonatal Cortical Thickness  
 Eight neonatal regions had cortical thickness values that significantly 
predicted 2 Year MSEL Composite scores (Table S4.1, Figure 4.1). None of our a 
priori hypotheses were significant in this analysis. Cortical thickness in the left gyrus 
rectus (r = 0.3779, p = 0.0023), the left Heschl’s gyrus (r = 0.2681, p = 0.0336), the 
left posterior cingulate gyrus (r = 0 .2498, p = 0.0484), the right inferior parietal gyrus 
(r = 0.2812, p = 0.0256) and the right supramarginal gyrus (r = 0.2811, p = 0.0220) 
exhibited a significant and positively predictive relationship of 2 Year MSEL 
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Composite Scores.  Conversely, cortical thickness in the right pars triagularis (r = -
0.3353, p = 0.0072), the left superior temporal pole (r = -0.2494, p = 0.0487) and the 
left inferior parietal gyrus (r = -0.2509, p = 0.0473) displayed significant inverse 
relationships with 2 Year MSEL Composite Scores.  
Neonatal Surface Area 
 Seven neonatal regions had surface area values that significantly predicted 2 
Year MSEL Composite scores (Table S4.2, Figure 4.2) and none of our a priori 
hypotheses were among them. Surface area in the left inferior temporal gyrus (r = 
0.2778, p = 0.0275), the right superior parietal gyrus (r = 0.2567, p = 0.0423), and 
the right fusiform gyrus (r = 0.3040, p = 0.0154) exhibited a significantly and 
positively predictive relationship of 2 Year MSEL Composite Scores. On the other 
hand, the surface area observed in the left rectus (r = -0.2674, p = 0.0341), the left 
olfactory gyrus (r = -0.3056, p = 0.0149), the right middle cingulate gyrus (r = -
0.3089, p = 0.0138), and the left superior occipital gyrus (r = -0.2536, p = 0.0449) 
was inversely related to 2 Year MSEL Composite Scores.  
3.3 Structural Change between Neonate and 1 Year of Age 
 
First Year Cortical Thickness Change  
 Six regions displayed magnitudes of cortical thickness change that 
significantly predicted 2 Year MSEL Composite scores (Table S4.1, Figure 4.1). Of 
our a priori hypotheses, change in the left anterior cingulate gyrus (r = -0.2643, p = 
0.0379) was found to have a significant negative relationship with 2 Year MSEL 
Composite scores using an un-corrected p-value of 0.05. However, as we did not 
select a priori whether or not differences would be seen in specifically the left or right 
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anterior cingulate cortex, the corrected p-value would need to be 0.025 for each 
region, which require us to accept the null hypothesis. Of our exploratory analyses, 
we found that the amount of cortical thickness change in the right inferior temporal 
gyrus (r = 0.3253, p = 0.0099) was the only region exhibiting a significant positive 
relationship with 2 Year MSEL Composite Scores. Inverse relationships with the 
amount of cortical thickness change were found in the right Rolandic operculum (r = 
-0.3792, p = 0.0024), the left Heschl’s gyrus (r = -0.3359, p = 0.0076), the right 
inferior parietal gyrus (r = -0.3324, p = 0.0083), and the right angular gyrus (r = 
-0.3248, p = 0.0100). This suggests that the larger the amount of cortical thickness 
growth occurring in each of these five regions, the lower the 2 Year MSEL 
Composite scores. 
First Year Surface Area Change 
 The magnitude of observed surface area change between neonate and 1 
year significantly predicted 2 Year MSEL Composite Scores in 10 regions. 
Significant positive relationships were found in the right Rolandic operculum (r = 
0.2846, p = 0.0250), the left opercular surface of the inferior frontal gyrus (r = 
0.2626, p = 0.0392), the left orbital surface of the inferior frontal gyrus (r = 0.2687, p 
= 0.0347), the right orbital surface of the medial frontal gyrus (r = 0.3022, p = 
0.0170), the left Heschl’s gyrus (r = 0.2961, p = 0.0195), the right inferior temporal 
gyrus (r = 0.4387, p = 0.0004), and the right fusiform gyrus (r = 0.4239, p = 
0.0006)(Table S4.2). A trend-level positive significant relationship was also seen in 
the left inferior temporal gyrus (r = 0.2499, p = 0.0501)(Table S4.2, Figure 4.2). 
Significant negative relationships were seen in the left and right postcentral gyrus 
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(left: r = -0.2782, p = 0.0286; right: r = -0.2636, p = 0.0385) and the right cuneus (r = 
-0.2704, p = 0.0335) (Table S4.2). 
  
Figure 4.1 Region-of-Interest Correlations of Cortical Thickness with 2-Year Mullen Early Learning Composite Scores 
Partial correlations between cortical thickness and 2 Year MSEL Early Learning Composite Scores are displayed for each 
of the 76 cortical regions. Cortical maps of correlations with 2 Year MSEL Early Learning Composite Scores are shown for 
A) neonatal cortical thickness values; B) 2 year cortical thickness values; C) Change in cortical thickness between 
neonate and 1 year of age; D) Change in cortical thickness between 1 and 2 years of age. Warm colors indicate a positive 
correlation while cool colors indicate a negative correlation. Complete list of regional correlation values, along with regions 
that reached significance, can be found in Table S4.1.  
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Figure 4.2 Region-of-Interest Correlations of Surface Area with 2-Year Mullen Early Learning Composite Scores Partial 
correlations between surface area and 2 Year MSEL Early Learning Composite Scores are displayed for each of the 76 
cortical regions. Cortical maps of correlations with 2 Year MSEL Early Learning Composite Scores are shown for A) 
neonatal surface area values; B) 2 year surface area values; C) Change in surface area between neonate and 1 year of 
age; D) Change in surface area between 1 and 2 years of age. Warm colors indicate a positive correlation while cool 
colors indicate a negative correlation. Complete list of regional correlation values, along with regions that reached 
significance, can be found in Table S4.2. 
B) C) D) 
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3.4 Structural Change between 1 and 2 Years of Age 
 
Second Year Cortical Thickness Change 
 Cortical thickness change in the second postnatal year of life was significantly 
predictive of 2 Year MSEL Composite scores in 8 regions. Positive relationships 
were seen in the right Rolandic operculum (r = 0.2819, p = 0.0252), the right 
paracentral lobule (r = 0.2489, p = 0.0492), the left Heschl’s gyrus (r = 0.2515, p = 
0.0468), the left insula (r = 0.3006, p = 0.0167), the right precuneus (r = 0.3519, p = 
0.0047) and the right fusiform gyrus (r = 0.3112, p = 0.0130) (Table S4.1). Cortical 
thickness change in the left and right middle temporal pole (left: r = -0.2821, p = 
0.0251; right: r = -0.2829, p = 0.0247) displayed negative relationships with 2 year 
MSEL Composite Scores (Table S4.1, Figure 4.1).  
Second Year Surface Area Change  
 Surface area change in the second year significantly predicted 2 Year MSEL 
Composite scores in 5 regions. Positive relationships were seen in the left inferior 
parietal gyrus (r = 0.2513, p = 0.0469) and the left supramarginal gyrus (r = 0.3038, 
p = 0.0155). The amount of surface area change in the second year was inversely 
related to 2 Year MSEL Composite scores in the right Rolandic operculum (r = -
0.3011, p = 0.0165), the right Heschl’s gyrus (r = -0.4163, p = 0.0007), and the right 
inferior temporal gyrus (r = -0.2994, p = 0.0171) (Table S4.2, Figure 4.2).  
3.5 Overall Trajectory from Birth to 2 Years of Age 
 
 In our analysis, none of the overall trajectories for cortical thickness or surface 
area were found to be significantly predictive of 2 Year MSEL Composite Scores 
(Table S4.3). This is because none of the slope estimates that were calculated for 
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cortical thickness and surface area from neonate to 1 year or 1 to 2 years were 
found to be significantly different from zero.  Despite the fact that there is clear 
growth occurring within the first and second postnatal years, the small sample size 
and the large number of covariates included in the models hindered our power to 
detect differences.  Therefore, the F-test utilized to assess the overall trajectory was 
found to be insignificant. 
3.6 Qualitative Assessment of Significant 2-Year Cognitive Outcomes 
 
 Overall, the amount of anatomical change between the neonatal period and 1 
year of age yielded the most regions that were significantly related to 2 Year MSEL 
Composite scores (Total relationships = 16: CT = 6; SA = 10). Surface area 
expansion in the first year exhibited more significant relationships with 2 Year MSEL 
Composite scores than any other measure tested. Remarkably, neonatal structure 
came in as a very close second, yielding a combined 15 significant relationships (CT 
= 8; SA = 7). The magnitude of anatomical change in the second year was the third 
most predictive (Total relationships = 13: CT = 8; SA = 5), with 2 year structure 
placing fourth (Total relationships = 8: CT = 5; SA = 3). Contrary to our hypothesis, 
the overall birth to 2-year trajectory for both cortical thickness and surface area 
changes did not yield any significant relationships. We were also surprised to find 
that cortical thickness and surface area had relatively equal numbers of significant 
relationships across all time points studied (CT = 27 total relationships; SA = 25 total 
relationships). 
 Interestingly, the strongest partial correlations observed for cortical thickness 
and surface area across the entire study were both observed in the same cortical 
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region. Cortical thickness values at 2 years of age in the right inferior temporal gyrus 
were the strongest significant result across all cortical thickness contrasts studied (r 
= 0.3986. p = 0.0011; Table S4.1, Figure 4.1). Similarly, the degree of surface area 
expansion between birth and 1 year of age in the right inferior temporal gyrus was 
the strongest relationships witnessed across all surface area contrasts studied (r = 
0.4387, p = 0.0004; Table S4.2, Figure 4.2).  
 Finally, the most consistent finding across all of the contrasts studied was a 
significant relationship in the left Heschl’s gyrus.  Significant relationships for cortical 
thickness in the left Heschl’s gyrus with 2-year Mullen Composite Scores were found 
for the neonatal time period, the magnitude of change between birth and 1 year, and 
the magnitude of change between 1 and 2 years. A significant relationship was also 
found for the correlation between cognitive outcomes and the change in surface 
area between birth and 1 year of age.  
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Discussion 
 
Overview  
 
To our knowledge, this is the first analysis to demonstrate the predictive value 
of cortical surface measures for overall cognitive outcomes in very young children. 
Contrary to our hypotheses, which are based on literature of older children and 
adults, the overall trajectory of cortical development in the first two years was not 
predictive of cognitive outcomes at 2 years of age. Remarkably, the magnitude of 
change in the first year after birth as well as cortical surface measures at 2 weeks of 
age were strongly predictive of Mullen Composite Scores at 2 years of age. Taken 
together, our results clearly show that both the prenatal period and the first postnatal 
year are extremely important periods for the structural neocortical development that 
will serve as the foundations for early cognitive abilities.  
Cortical Thickness and Surface Area Are Associated With Future Cognitive 
Outcomes In Infancy 
 
 When combining results from all of the contrasts studied, cortical thickness 
and surface area were each associated with Mullen Composite scores in multiple 
regions between birth and 2 years of age.  Previous studies in late childhood, 
adolescence, and adulthood have described primarily positive relationships between 
cortical thickness and general intelligence (Burgaleta et al., 2014; Haier, 2009; 
Karama et al., 2011, 2013; Narr et al., 2007), though, similar to our findings, a few 
have shown both global and local negative relationships (Goh et al., 2011; Shaw et 
al., 2006; Tamnes et al., 2011).  To date, only a few studies have focused on 
analyzing the relationship between cortical surface area and intelligence. These 
studies have found significant positive relationships between cortical surface area 
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and general intelligence with a remarkably greater consistency than did studies of 
cortical thickness (Colom, Burgaleta, Román, Karama, Álvarez-Linera, et al., 2013; 
Fjell et al., 2013; Fleischman et al., 2013; Vuoksimaa et al., 2014; J. J. Yang et al., 
2013). When considering global and map-based studies, significant positive 
relationships between thickness and cognition were found in 6 of 13 studies while 
significant positive relationships between surface area and cognition were found in 5 
of 6 studies (outlined in Vuoksimaa et al., 2014). In a recent adult twin study, 
Vuoksimaa et al (2014), showed that cortical surface area was more strongly 
associated with cognition than was cortical thickness and that this relationship was 
largely mediated by genetic factors (86%) (Vuoksimaa et al., 2014).  It has been 
speculated that the greater cognitive capacity in humans relative to other species 
may be driven by the dramatic increase in surface area within the neocortex (Hill, 
Inder, et al., 2010; Rakic, 2009). In fact, human brains have a roughly 1000-fold 
increase in cortical surface area compared to a mouse brain whereas human cortical 
thickness is only ~2 to 3 fold greater than a mouse brain (Hill, Inder, et al., 2010; 
Rakic, 2009). Regions experiencing the largest cortical surface area expansion 
during human evolution, namely the regions within the frontal cortex and anterior 
cingulate, were related to higher intellectual functions, while low-expanding regions 
were not related to cognitive scores (Fjell et al., 2013). These studies provide 
evidence that an increased focus on surface area development and its relationship 
to cognitive development is necessary.  
Regions that exhibited the most consistently strong relationships with 2-year 
cognitive outcomes tended to be primary cortical regions underlying sensory or 
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motor capabilities. Regions such as Heschl’s gyrus and the Rolandic operculum 
were among the regions that were most consistently correlated with 2 year general 
cognitive functioning. Other regions that were not specifically related to sensory or 
motor functions were primarily related to either visuospatial orientation (inferior 
parietal gyrus), object or word recognition (inferior temporal gyrus) or error detection 
(anterior cingulate gyrus). Many of these functions are critically important to the 
development of early cognitive functioning.  Cortical structure of higher-order 
association regions, such as the superior frontal gyrus and aspects of the 
orbitofrontal cortex, tended to show little relationship with 2 year cognitive 
functioning. These areas tend to underlie concepts such as abstract thought and 
social cognition (Bechara, Damasio, & Damasio, 2000; Diamond, 2002; Yamasaki, 
LaBar, & McCarthy, 2002), which are not specifically tested by the items within the 
1-year-old and 2-year old age rage on the Mullen Scales of Early Learning.  
 Of our regional a priori hypotheses, only the magnitude of change in cortical 
thickness between birth and 1 year of age in the left anterior cingulate cortex was 
found to be significantly and negatively related to Mullen Composite Scores at 2 
years of age when using an un-corrected p-value (Table 4.6).  This was a surprising 
finding for two reasons: 1) the left anterior cingulate is one of the fastest growing 
regions in the first year (Lyall et al 2014) and 2) the literature consistently describes 
positive relationships between anterior cingulate cortical thickness values and IQ 
(Narr et al., 2007).  
The anterior cingulate has been implicated in a wide range of cognitive 
processes, including divided attention, novelty detection, working memory, memory 
 130 
retrieval, motivation and performance monitoring (Cabeza & Nyberg, 1997, 2000; 
Dehaene, Kerszberg, & Changeux, 1998; Gehring & Fencsik, 2001; Kiehl, Liddle, & 
Hopfinger, 2000; Rushworth, Hadland, Gaffan, & Passingham, 2003; Swick & 
Jovanovic, 2002; Swick & Turken, 2002) and is also considered a region that is 
involved in initiating appropriate behavior and/or inhibiting in inappropriate behavior 
(Cabeza & Nyberg, 2000; Paus, Petrides, Evans, & Meyer, 1993; Swick & 
Jovanovic, 2002). Though it is difficult to know whether or not the anterior cingulate 
underlies these same functions in early development, our results suggests that for 
typically developing children, the greater the magnitude of growth within the left 
anterior cingulate, the poorer the cognitive outcome at 2 years of age.  A few studies 
have found significant negative correlations in volume and cortical thickness, with 
negative correlations being primarily described in studies of childhood. A recent 
volumetric study analyzed the relationship between neonatal cortical volumes and 
cognitive scores on the Bayley-III and described negative correlations within the 
cingulate gyrus between 6 and 24 months (Spann, Bansal, Rosen, & Peterson, 
2014), confirming the findings in our study. As for studies specifically pertaining to 
cortical thickness, Shaw and colleagues (2006) described a remarkable 
developmental shift from predominantly negative correlations between intelligence 
and cortical thickness in early childhood to a positive correlation in late childhood 
and beyond (Shaw et al., 2006). This was also seen in Tamnes et al (2011), who 
described negative correlations between cortical thickness and IQ in children aged 
8-14 years (Tamnes et al., 2011). Interestingly, Goh and colleagues (2011) did find 
significant negative correlations within the left anterior cingulate in a population of 
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adults, yet this was interpreted to indicate that cortical thinning was positively related 
to IQ (Goh et al., 2011). Because we know that left anterior cingulate cortex is not 
thinning during the first postnatal year, we believe that the structural underpinnings 
governing the negative correlation in our results is most likely different.  
 In fact, during the first two years, there were a number of significant negative 
correlations with 2 Year Mullen Composite Scores for both cortical thickness and 
surface area. These negative correlations were specifically prevalent at 2 weeks of 
age and for the change occurring within the first year in both cortical thickness and 
surface area (Table 4.4, 4.5, 4.6 and 4.7; Figures 4.1 & 4.2). It was surprising to find 
that negative relationships were present in our analysis because cortical thickness 
and surface area have been shown to exhibit large amounts of growth in the first 
postnatal year (Lyall et al., 2014). Due to the large amount of cortical growth 
between birth and 2 years of age, along with the consistency of findings within the 
adolescent and adult literature, the authors assumed that larger cortical thickness 
and surface area measures would be positively related to cognitive performance 
(Frangou et al., 2004; Narr et al., 2007).  Our results build upon this study by 
deconstructing volume into its concomitant parts, where we similarly show that larger 
values for thickness and surface area were not always indicative of improved 
performance on the Mullen Scales of Early Learning Composite Score.   
 Though it is unclear what underlies the negative correlations with cognitive 
outcomes described in both analyses, a potential hypothesis may be that early brain 
development exhibits extremely strict temporal and spatial regulation, especially 
within pre- and postnatal life (Kang et al., 2011; Miller et al., 2014).  As shown in 
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Lyall et al (2014), cortical regions exhibit strikingly different developmental 
trajectories across the first two years (Lyall et al., 2014). In this analysis, Lyall and 
colleagues (2014) showed that many regions exhibit dynamic growth in cortical 
thickness or surface area in the first year and then exhibit very slow growth in the 
second postnatal year and vice versa (Lyall et al., 2014).  This is most likely due to 
the presence of transcriptional or genetic gradients that define the regionalization of 
the cortex during development (C.-H. Chen et al., 2012, 2013; Grove & Fukuchi-
Shimogori, 2003; Hamasaki, Leingartner, Ringstedt, & O’Leary, 2004; Polleux, 2004; 
Rubenstein, 2011; Sur & Rubenstein, 2005). Postmortem studies have also shown 
clear regionalization in maturational patterns in early development that is thought to 
be related to regionally distinct cytoarchitectonics (Huttenlocher & Dabholkar, 1997).  
Additionally, it has also been shown that the first postnatal years are highly mediated 
by a number of strong genetic and transcription factors which regulate 
spatiotemporal expression for the extraordinary proliferation of synapses, dendrites, 
dendritic spines and glial cells (Kang et al., 2011).  Similarly, studies have shown 
that apoptosis, or programmed cell death, is occurring during early stages of 
development as a way to encourage the survival of cells that have appropriately 
reached their pre-defined targets (Oppenheim, 1991). These studies provide clear 
evidence in support of our hypothesis that the neurobiological factors governing 
cortical development are spatiotemporally regulated.  
 In support of this potential hypothesis, disorders related to enlarged early 
brain growth both prenatally and postnatally, such as isolated ventriculomegaly 
(Kyriakopoulou et al., 2013; Lyall et al., 2012), large for gestational age (LGA) 
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infants (Grissom & Reyes, 2013), polymicrogyria (Jansen & Andermann, 2005), and 
macrocephaly (Frydman, Berkenstadt, Raas-Rothschild, & Goodman, 2008) have 
also been related to poorer neurodevelopmental outcomes. Also, early brain 
overgrowth in individuals with Autism Spectrum Disorders has been shown to be 
related to poorer cognitive and neurodevelopmental outcomes (Courchesne et al., 
2007; Courchesne, Campbell, & Solso, 2011; Courchesne, Carper, & Akshoomoff, 
2003), though with some controversy (Raznahan et al., 2013).  Larger brain volumes 
have also been shown in male neonates with a genetically increased risk of 
developing schizophrenia (Gilmore, Kang, et al., 2010).  These clinical examples 
show that growth in early development is not always beneficial to future 
neurodevelopmental outcomes and that spatiotemporal regulation of growth appears 
to be critically important during this period. 
 An alternative hypothesis for the presence of negative correlations may be 
individual differences within the study sample for both cortical structure and cognitive 
capability. With regard to structure, despite our best efforts to control for differences 
within the sample by including covariates for gestational age at birth, twin status, and 
chronological age at MRI, it is possible that some correlations may be impacted by 
the presence of individual differences in different structural trajectories. Roughly half 
of our population is a single member of a twin pair.  Twins generally have lower 
gestational ages, lower birth weight and smaller heads. Twins are thought to exhibit 
a “catch-up” period during the first postnatal year and would therefore be exhibiting 
faster growth rates than their singleton counterparts (Wilson, 1979). This can be 
seen in a recent study by Lyall and colleagues (2014), which compared the 
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developmental trajectories of singletons and twins in this study separately. Though 
they exhibit very similar patterns of growth, twins tended to grow more than 
singletons, specifically within the first year (Lyall et al 2014).  We suggest that 
despite controlling for these factors, that some individuals may be more well or less 
developed when they or born. Differences in the “starting point” therefore, would 
affect the direction of the relationship. Studies have shown that children born at 
earlier gestational ages tend to do worse on later behavioral assessments than 
those who reached term (M. C. Allen, 2008; G. P. Aylward, 2005; Woodward, 
Anderson, Austin, Howard, & Inder, 2006). Unpublished work within the Gilmore lab 
has also suggested that infants born at earlier gestational ages actually grow faster 
outside of the womb, resulting in larger cortical volumes later in development. 
Conversely, many studies have found that premature birth stunts brain growth and 
that children born before 33 weeks tend to have less gray matter than their full term 
counterparts (Gairdner & Pearson, 1971; Kapellou et al., 2006; Nosarti, 2002; 
Zacharia et al., 2006).  Despite this controversy, it is clear that early brain 
development can be highly impacted by the cortical structure present at birth, which 
may vary dramatically with on gestational age and other pre- and perinatal factors.  
Similarly, individual differences in cognitive development within our population 
may affect the direction of our results. Though we have a relatively representative 
population of typically developing children, it is well known that each child reaches 
key developmental milestones at different points in his or her life. For instance, 
anecdotally some children exhibit a “delayed” onset of speech yet show signs of 
comprehension. Instead of starting with characteristic early language, like “Mama” or 
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“Dada”, when these infants begin to speak they use short sentences. These types of 
developmental differences may result in certain children doing poorly on the 
developmental assessments even though their intellectual abilities are in fact fully 
developed at the time of the assessment. Therefore, individual differences in the 
variability of attainment of developmental milestones may be a secondary reason for 
the negative correlations observed in this analysis. 
In addition, as mentioned previously, negative correlations have been 
described between IQ and cortical thickness by Shaw and colleagues (2006) in a 
cohort of young children aged 3.8 to 8.4 years and by Spann and colleagues (2014) 
between IQ and  volume at 6, 12, 18 and 24 months (Spann et al., 2014). Our study 
confirms the presence of negative correlations in cortical thickness; yet, no studies 
have currently analyzed the relationships between surface area development and IQ 
in young children. Therefore, negative correlations between 2-year cognitive 
outcomes and surface area are a novel finding.  
At the global level, it has been shown that cortical thickness and surface area 
are genetically independent contributors to cortical gray matter volume (Eyler et al., 
2011; Panizzon et al., 2009).  Spatial regulation of factors known to contribute to 
increased surface area, such as synapse proliferation, axonal elongations and 
dendritic arborization (Cordero et al., 1993; Gao, Lin, et al., 2009; Huttenlocher & de 
Courten, 1987; Kwon et al., 2012; Petanjek et al., 2011, 2008; Vanderhaeghen & 
Cheng, 2010; Zuo, Lin, Chang, & Gan, 2005) have been described, supporting our 
hypothesis that spatiotemporal regulation may be just as important for surface area 
development as it is for cortical thickness development.  However, due to their 
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genetic independence (Eyler et al., 2011; Panizzon et al., 2009), it is difficult to 
translate findings, such as those described in Shaw et al (2006), to the interpretation 
of surface area data.  Further study is needed to determine whether or not the 
specific regulation of surface area is critical to future neurodevelopmental outcomes.  
In addition, the authors posit that negative correlations may be unique to early 
cortical development.  Previous studies of late childhood, adolescence and 
adulthood identify the structural correlates of IQ after the brain has already reach 
adult volume (Dekaban & Sadowsky, 1978).  Few studies have been conducted 
looking at the underlying foundations of early cognitive development during a time 
where massive cortical growth is observed. In the study by Shaw and colleagues, 
after 8 years of age, the relationship between cortical thickness and IQ was positive. 
Incidentally, cortical thickness reaches peak values roughly around the same time 
(Raznahan et al., 2011). These studies lend credence to the hypothesis that during 
periods of developmental growth, spatiotemporal regulation of both cortical thickness 
and surface area is required for the healthy development of cognitive capabilities.  
2-Year Cortical Structure 
 
  At 2 years of age, cortical thickness was positively related within the bilateral 
middle and inferior temporal gyrus. The middle temporal gyrus is known to be a 
multimodal association area for both auditory and language (Acheson, Hamidi, 
Binder, & Postle, 2011; Cathy J Price, 2010) and functional studies have implicated 
the middle temporal gyrus as being involved in word-specific activations 
(Vandenberghe et al 1996).  The inferior temporal gyrus is an important functional 
region that will be reviewed at length later in this discussion.  In contrast, cortical 
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thickness was negatively related in two medial frontal regions. Interestingly, frontal 
medial areas were within the group of the 25% fastest growing regions in Lyall et al 
2014, suggesting that excessive cortical thickness growth within this region may 
actually result in poorer performance (Lyall et al., 2014). Frontal association areas 
are known to mature later in life (Shaw et al., 2008), so the presence of the negative 
correlation with cortical thickness may be based on the strict spatiotemporal 
regulation that reflects frontal lobe maturational trajectories. Frontal regions are also 
widely known to be involved in higher-order integrative processes, like abstract 
thinking (Alvarez & Emory, 2006; Diamond, 2002). These qualities are not present 
during infancy and therefore may also explain the negative correlation. 
Surface area within the left inferior parietal and precuneus exhibited positive 
correlations with the Early Learning Composite scores. The left inferior parietal has 
been implicated in number processing (Chochon, Cohen, van de Moortele, & 
Dehaene, 1999), the perception of emotional stimuli (Radua et al., 2010), and tool 
use (Peeters et al., 2009). The precuneus has been shown to be involved in motor 
coordination requiring shifts of attention as well as directing attention in space during 
motor execution and planning (Cavanna & Trimble, 2006; Kawashima, Roland, 
O’Sullivan, & Osullivan, 1995; Wenderoth, Debaere, Sunaert, & Swinnen, 2005). A 
negative relationship with surface area was observed in the lingual gyrus, which has 
an important role in vision and visual memory in adults. Studies have shown that the 
lingual gyrus is involved in the encoding of complex images (Machielsen, Rombouts, 
Barkhof, Scheltens, & Witter, 2000), as well as in the identification and recognition of 
words (Bookheimer, Zeffiro, Blaxton, Gaillard, & Theodore, 1995; C J Price et al., 
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1994).  Postmortem studies have shown that visual areas reach peak synaptic 
density, a sign of cortical maturity, at as early as 3 months of age (Huttenlocher & 
Dabholkar, 1997). In the case of the lingual gyrus, smaller cortical surface area 
could be indicative of a potentially more mature visual system, which correlates with 
improved performance on the Mullen Scales of Early Learning. It was surprising that 
the 2-year cognitive tests were not more related to cortical structure at 2 years of 
age. We suggest that cognitive tests may be more related to the structural 
development that precedes the assessment rather than the cortical structure at the 
time of assessment. This specific analysis has demonstrated, somewhat indirectly, 
that the overall developmental trajectory between birth and 2 years is an important 
factor in future cognitive outcomes, similar to findings found in the study by Shaw 
and colleagues (2006). 
Cortical Structure at Birth Is Associated Future Cognitive Outcomes 
 
 The values of cortical thickness and surface area at birth were remarkably 
predictive of cognitive outcomes at 2 years of age, suggesting that cortical structure 
at birth strongly impacts the foundations of early cognitive ability. At two weeks of 
age, none of our a priori hypotheses were found to be significant. Cortical thickness 
was positively related to 2-year cognitive outcomes in the left gyrus rectus, the left 
Heschl’s gyrus, and the left posterior cingulate gyrus. Cortical thickness was also 
positively related to 2-year cognitive outcomes in the right inferior parietal and right 
supramarginal gyrus. The parietal lobe, specifically in the right hemisphere, has 
been largely implicated in attention and spatial perception. Clinical studies in adults 
have shown that lesions to the right parietal cortex results in contralateral neglect, a 
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disorder where individuals do not perceive or attend to stimuli in their contralateral 
visual field (Fierro et al., 2000). This region has also been implicated as being 
involved in mediating visuospatial attention (Arsalidou & Taylor, 2011) and orienting 
in 3-dimensional space (Q. Chen, Weidner, Vossel, Weiss, & Fink, 2012).  Regions 
that are significantly and negatively correlated with cortical thickness values in 
neonates are the left inferior parietal gyrus, the left superior temporal pole and the 
right pars triangularis. The left inferior parietal gyrus has been shown to be involved 
in perception of emotions in facial stimuli (Radua et al., 2010) and tools use (Peeters 
et al., 2009) while the right pars triangular has been found to be involved in the 
cognitive control of memory (Badre & Wagner, 2007) and language comprehension 
(Jeong et al., 2007). The function of the superior temporal pole is not clear, however 
it is thought to integrate complex perceptual input with emotional responses (S.-L. 
Ding, Van Hoesen, Cassell, & Poremba, 2009). It is interesting to note the overall 
asymmetry that is seen in the neonatal cortical thickness correlations (Figure 4.1). 
On average, the value of cortical thickness in the left hemisphere is negatively 
correlated with Mullen composite scores, suggesting that larger cortical thickness 
values results in poorer performance in the Mullen Composite Scores. The 
exceptions to this pattern were the left superior temporal gyrus/Heschl’s gyrus, left 
gyrus rectus, and the left posterior cingulate, all of which were positively related to 
Mullen composite scores, with only left Heschl’s gyrus reaching significance. All of 
these regions have been strongly implicated in general intelligence within the late 
childhood, adolescence and adulthood literature (Karama et al., 2009; Shaw et al., 
2006).  This asymmetry was not seen in the neonatal surface area correlations. 
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Many have speculated that the left hemisphere tends to develop before the right 
hemisphere and Lyall and colleagues (2014) show that cortical thickness is more 
developed than surface area, so the presence of the negative correlations may have 
more to do with the regulation of structural growth as opposed to functional 
asymmetry in the neonatal period (Lyall et al., 2014). 
 Correlations of 2 Year Mullen Composite scores with surface area resulted in 
three significant positive relationships. Surface area was positively and significantly 
related with 2-year cognitive outcomes in the left inferior temporal gyrus, the right 
superior parietal gyrus and the right fusiform gyrus. The inferior temporal gyrus is 
involved in the ventral visual pathway which is largely linked to object recognition 
(Denys et al., 2004) while the superior parietal gyrus has been shown to be a 
sensory-specific association area which houses a topographic visuospatial field 
maps (Hutchinson et al., 2013; Silver & Kastner, 2009). Both of these regions would 
therefore be directly related to early sensorimotor coordination and development in 
the earliest stages of infancy.  The fusiform gyrus is linked to the processing of facial 
stimuli (McCarthy, Puce, Gore, & Allison, 1997), with the right fusiform gyrus 
determining whether or not a visual stimulus is, in fact, a face (M. Meng, Cherian, 
Singal, & Sinha, 2012). Negative correlations with surface area at neonate was 
found in the left superior occipital gyrus, the right middle cingulate gyrus, the left 
olfactory gyrus and the left gyrus rectus.  The right middle cingulate gyrus surface 
area value was also negatively related in neonates. The middle cingulate has been 
suggested to be involved a range of functions including motor planning (Hanakawa, 
Dimyan, & Hallett, 2008), and motor inhibition (Booth et al., 2003), and working 
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memory (Nelson et al., 2000).  Negative correlations were also seen in the rest of 
the cingulate cortex, suggesting that structural regulation of this area may be 
important for future development. Though no functions of the left gyrus rectus or 
olfactory gyrus has been clearly identified with respect to cognitive development, as 
regions in the orbitofrontal cortex it is possible that they are potentially involved in 
decision making (Bechara et al., 2000; Rolls & Grabenhorst, 2008; Wallis, 2007), 
taste and flavor perception (Small et al., 2007), general olfaction (Imai, Sakano, & 
Vosshall, 2010; Small et al., 2007), and face-name association (Tsukiura & Cabeza, 
2008). Similarly to the superior parietal gyrus, the superior occipital gyrus is a 
sensory-specific association area, which houses a topographic map for visual stimuli 
(Heinzle, Kahnt, & Haynes, 2011; Johnston, 1989). A negative relationship in this 
area is counter-intuitive because it suggests that the smaller the surface area, the 
better an infant performs on the Mullen Composite score. We found this result to be 
surprising because visual input is exceptionally important during early visual 
development (Triplett et al., 2009). However, this finding is not strong and would not 
likely remain after corrections for multiple comparisons (Table 4.5). 
Change of Cortical Thickness and Surface Area from Neonate to 1 Year 
 
 Overall, the magnitude of change between neonate and 1 year was strongly 
predictive of Mullen Composite scores at 2 years of age. Change in cortical 
thickness exhibited a positive and significant relationship with cognitive outcomes at 
2 years of age in a single region. The right inferior temporal gyrus, which will be 
discussed in further detail below, is highly implicated in many cognitive functions, 
including word recognition, facial recognition, object recognition and language 
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processing (see below). Positive correlations with this area suggest that early 
cortical thickness growth may help build the foundations for cognitive functions like 
object permanence and receptive language (Hickok & Poeppel, 2007). Surprisingly, 
correlations that reached significance for cortical thickness growth in the first year of 
life were primarily negative. Greater cortical thickness in the left Heschl’s gyrus, 
which serves as primary auditory cortex and as an integral part of the language 
processing systems, was related to poorer cognitive outcomes (Chi, Dooling, & 
Gilles, 1977b; Steinschneider, Nourski, & Fishman, 2013). Similarly, thicker cortex in 
the right Rolandic operculum, which underlies movement of the mouth and tongue, 
was linked to poorer cognitive outcome (Takai, Brown, & Liotti, 2010). Early sensory 
and motor skills provide early foundations for later more complex cognitive 
processes. Negative correlations in these regions may reflect early cortical 
refinement in sensory/motor areas that are known to mature earlier (Huttenlocher & 
Dabholkar, 1997; Huttenlocher, 1984, 1990).  Two parietal regions in the right 
hemisphere, the inferior parietal gyrus and the angular gyrus were also negatively 
correlated with 2-year Mullen Composite scores. Both of these regions, but 
specifically the right angular gyrus, are involved in visuospatial attention toward 
salient features (Arsalidou & Taylor, 2011) and orienting three-dimensional shifts of 
attention in space (Q. Chen et al., 2012).  Right hemispheric parietal regions were 
strongly and positively related to Mullen Composite scores at the neonatal time 
period; it is possible, in support of our hypothesis, that growth in these areas may 
now be required to slow down until later in development. 
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 In contrast, surface area exhibited a generally positive relationship with 
cognitive outcomes, suggesting that an increase in surface area during this time was 
generally indicative of improved performance. This is consistent with previous 
studies of adolescence and adults, which have found strong positive correlations 
between IQ and surface area (Colom, Burgaleta, Román, Karama, Alvarez-Linera, et 
al., 2013; Schnack et al., 2014; Vuoksimaa et al., 2014; Yoon et al., 2012).  Surface 
area increases in the right Rolandic operculum, the left Heschl’s gyrus, and the right 
fusiform gyrus, an area which determines whether or not a visual stimulus is a face 
or non-face stimuli (M. Meng et al., 2012), all serve functional aspects of cognition 
that are necessary early in development. It is interesting to note that regions that 
were negatively correlated with cortical thickness, the right Rolandic operculum and 
the left Heschl’s gyrus, are positively correlated with surface area. Developmentally, 
it is known that motor and sensory regions develop before higher-order associative 
areas (Shaw et al., 2008) and that cortical thickness develops before surface area 
(Lyall et al., 2014). This finding supports the idea that spatiotemporal brain 
development may be underlying some of the correlations seen in this analysis.  
Interestingly, surface area growth in three regions was negatively correlated with 
cognitive outcomes at 2 years of age: the left and right postcentral gurus and the 
right cuneus. The postcentral gyrus is the primary cortical area for sensory abilities 
while the cuneus acts as the region that receives visual information from the 
contralateral retina.  Both visual and motor cortices have been shown to reach peak 
synaptic density earlier than higher-order cortical association areas (Huttenlocher & 
Dabholkar, 1997) and these findings are consistent with other findings within this 
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study which demonstrate that early cortical refinement within important sensory and 
motor regions is negatively related to cognitive development at age 2. Similarly to 
the negative correlations seen with cortical thickness, inverse relationships may be 
supported by our hypothesis that developmental regulation of cortical growth may be 
necessary for the establishment of correct functional wiring that will underlie future 
cognitive capabilities. 
Change of Cortical Surface Measures from 1 to 2 Years  
 
 Cortical thickness growth in the second year exhibited more positive 
relationships with 2-year cognitive outcomes than did growth in the first year of 
postnatal life. Positive relationships within the right Rolandic operculum may be 
linked to it’s role as a motor area controlling the mouth, lips, and tongue (Takai et al., 
2010). In the second year of life, early language is beginning to take root in typically 
developing kids and a strong governor of early spoken language is the ability to 
move the lips and tongue to form words. Similarly, the left Heschl’s gyrus shows a 
strong positive relationship most likely due to the involvement of auditory capabilities 
in understanding instructions from the individual administering the behavioral test. 
Primary auditory cortex has also been shown to be highly involved in the 
comprehension and acquisition of language (Chi et al., 1977b; Steinschneider et al., 
2013). Another region with a positive relationship was the left insula. The left insula 
has also been shown to be strongly involved in many sensory and motor processes 
including hand-and-eye movement (Fink, Frackowiak, Pietrzyk, & Passingham, 
1997), swallowing (Sörös, Inamoto, & Martin, 2009), motor learning (Mutschler et al., 
2007), and speech articulation (Ackermann & Riecker, 2004; Dronkers, 1996), most 
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of which are critically important foundations for future cognitive development and 
improved performance on behavioral assessments. Next, strong positive 
relationships were found in the right precuneus which has been shown to be 
involved in visuospatial processing, specifically for directing attention in space both 
when an individual executes a motion or is preparing to move (Cavanna & Trimble, 
2006; Kawashima et al., 1995) or for motor coordination that requires shifts of 
attention to different spatial locations (Wenderoth et al., 2005). Similarly, the right 
paracentral lobe has also been shown to be involved in sensorimotor skills as it is 
the structure located at the juncture between the precentral and postcentral gyrus.  
Once again, a positive relationship between the change in this region and 
performance on the Mullen Scales of Early Learning Composite is supported by the 
fact that two of the four subsets involve fine motor coordination and visual reception 
skills. Growth within the right fusiform gyrus, which has been shown to be involved in 
face, body and word recognition, also exhibited a positive relationship with 2-year 
cognitive outcomes.  The right fusiform has also been shown to be responsible for 
the distinguishing of faces from “non-face” stimuli (Meng et al 2012).  Conversely, 
the middle temporal pole was shown to be negatively correlated with Mullen 
Composite scores, however, a validation analysis of this method utilizing manual 
segmentations showed that this region was deemed relatively unreliable for cortical 
thickness measurements (Lyall et al., 2014).  Overall, the majority of the regions that 
are exhibiting significant relationships during this time are supporting early sensory, 
motor and language capabilities.  
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 Positive relationships between Mullen Composite scores and surface area 
were seen in the 2 areas of the parietal lobe, the left inferior parietal gyrus and the 
left supramarginal gyrus. This region of the parietal lobe has been shown to be 
involved in language perception and processing. There have also been hypotheses 
that this area, also known as “Area Spt”, might be a specific motor effector system or 
a sensorimotor integration interface (Hickok & Poeppel, 2007). Both of these skills 
are necessary for improved performance on the Mullen Scales of Early Learning at 2 
years of age and this result shows that growth in this area may be linked. Negative 
correlations with growth in the second year of life were found in the right Rolandic 
operculum, the right Heschl’s gyrus and the right inferior temporal gyrus. As it has 
previously been discussed, all of these regions have been shown to be involved in 
sensory and motor skills required for the recognition or production of language. 
Decreased surface area growth may suggest that these primary sensory and motor 
regions may be experiencing cortical refinement that ultimately supports early 
language capabilities in the infant.  
Overall Trajectory of Cortical Surface Measure Development Is Not Predictive 
of Overall Cognitive Outcome 
 
 Contrary to our hypothesis, the overall trajectory of cortical thickness and 
surface area development from birth to 2 years of age was not predictive of cognitive 
outcomes at 2 years of age. We believe that a lack of significance within this 
analysis was primarily due the small sample size and the large number of covariates 
included in the models.  This is supported by findings within this analysis. As 
described, we found that neonatal structure and cortical change between birth and 1 
year of age resulted in more significant findings than at 2 years of age, suggesting 
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that the performance on the Mullen Scales of Early Learning was more strongly 
related to the cortical growth preceding the assessment than the cortical structure 
present at the time of the assessment. Second, our longitudinal analysis only has 
imaging data at three time points: 2 weeks, 1 year and 2 years. This also introduces 
a limitation to this analysis because the only longitudinal models that can be fitted to 
our data are restricted to linear or quadratic models. We believe that with a larger 
sample size we would find data that would support our hypothesis, yet at present we 
are forced to accept the null hypothesis.  
Exploratory Regional Analyses 
 Though most of our a priori hypotheses were found to be insignificant, many 
of our exploratory analyses rendered some interesting findings that merit discussion. 
As mentioned previously, our a priori hypotheses were selected based on findings 
from previous literature in late childhood and adults (Frangou et al., 2004; Karama et 
al., 2009; Narr et al., 2007; Wilke et al., 2003).  Many of the regions that were 
consistently significant within the present study underlie sensorimotor functions or 
the integration of early sensory experiences. In the following section, we provide an 
in-depth discussion into three regions that are part of our exploratory analyses 
whose results we believe may provide evidence for future studies of cognitive 
developing in very young children.   
 
Heschl’s Gyrus 
 
 The primary auditory cortex, Heschl’s gyrus, specifically within the left 
hemisphere, was the most consistent significant finding in this study for both cortical 
thickness and surface area.  At birth, cortical thickness in the left Heschl’s gyrus is 
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related to 2-year cognitive outcomes (r = 0.2681) whereas the thickness in the right 
Heschl’s is not (r = 0.0922). This pattern continues throughout the first two postnatal 
years, with the cortical thickness in the left Heschl’s gyrus showing a stronger 
relationship than the right Heschl’s gyrus. At 2 years of age, this pattern changes; 
the thickness in the left and right Heschl’s gyrus exhibit a similar magnitude of 
relationship with 2-year cognitive outcomes.  Interestingly, the direction of the 
relationship of cortical thickness in the left Heschl’s changes over the course of 
development. On the other hand, the cortical thickness in the right Heschl’s gyrus 
maintains a “near-zero” relationship until 2 years of age when it exhibits a weakly 
positive relationship.  
 Surprisingly, left lateralized results are not seen for surface area correlations. 
Instead, the change in surface area from 1 to 2 years of age within the right Heschl’s 
gyrus actually shows a very strong negative relationship with 2 Year MSEL scores (r 
= -0.4163).  This was a surprising finding because it suggests that regulation of 
surface area expansion in the second postnatal year within the right Heschl’s gyrus 
is significantly related to improved cognitive outcomes. Functional studies have 
shown that the left and right Heschl’s gyrus serve different functions, with the left 
being more specific to language processing while the right more tuned to processing 
music (Zattore et el 2002). Also, the right Heschl’s gyrus has been shown to be 
highly involved in pitch discrimination as well as processing of spectral aspects of 
sound, while the left Heschl’s is more related to rate-related processing of sound 
(Warrier et al 2009). 
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Thickness measurements at birth in the left Heschl’s gyrus are positively 
related to 2 Year MSEL Early Learning Composite Scores, suggesting that children 
with larger left Heschl’s thickness perform better on 2 year cognitive measures (left r 
= 0.2681). Surface area in the left or right Heschl’s gyrus at birth, on the other hand, 
was not significantly related to 2 Year MSEL Early Learning Composite scores (left r 
= 0.07; right r = -0.06).  Postmortem studies have shown that the auditory cortex is 
one of the regions to reach peak synaptic density earliest in development 
(Huttenlocher & Dabholkar, 1997).  Peak synaptic density has been suggested to be 
a sign of cortical maturity and our results may indirectly demonstrate that more 
mature auditory cortex at birth may be related to improved neurodevelopmental 
outcomes at 2 years of age and beyond.  Since surface area has been shown to 
develop after cortical thickness (Lyall et al., 2014), it is possible that the 
establishment of the laminar structure of cortical thickness may be more important 
for later cognitive function at birth. 
The amount of cortical thickness growth between birth and 1 year of age in 
the left Heschl’s gyrus is strongly negatively related to 2-year outcomes (r = -
0.3359), suggesting that too much growth within this area may be related to poorer 
outcomes. The amount of cortical thickness growth exhibited by the left Heschl’s 
gyrus is actually less than that of the right Heschl’s gyrus (Lyall et al., 2014). In the 
first year of postnatal life, the left Heschl’s gyrus grows ~43% in thickness, while the 
right grows ~57% (Lyall et al., 2014).  Because both of these regions exhibit 
relatively homologous growth, a strong negative correlation within just the left 
Heschl’s gyrus suggests that the specific spatiotemporal regulation of this region 
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may be important for future cognitive abilities. Heschl’s gyrus is critically important 
for early language development and it’s important to remember that language 
circuits are highly left lateralized.   
Relationships between surface area growth in the first postnatal year and 2 
year cognitive outcomes both show positive correlations in the left and right Heschl’s 
gyrus. The left Heschl’s gyrus exhibits more surface area growth than the right 
Heschl’s gyrus (left: ~104%; right: 86%) and also shows a strong positive 
relationships with 2 year cognitive outcomes. The primary auditory cortex has been 
shown to hold a tonotopic map of auditory stimuli and a previous study by Lyall and 
colleagues (2014) demonstrated that topographic map areas tend to grow primarily 
in surface area. As describe previously, the strong involvement in language 
development of the left Heschl’s gyrus most likely influences the positive relationship 
witnessed in these results(Lyall et al., 2014).  
From 1 to 2 years of age, the cortical thickness measures exhibit positive 
relationships with 2-year cognitive outcomes while surface area change exhibits 
strong negative correlations. In the second year, cortical thickness within Heschl’s 
gyrus increases roughly 3% bilaterally. Once again, despite similar growth in both 
the left and right Heschl’s gyrus, the left Heschl’s is more strongly related to 2-year 
cognitive outcomes than is the right. During the second postnatal year, our results 
suggest that more growth within the left Heschl’s gyrus results in improved 
performance.  Within the second postnatal year, infants begin to display signs of 
early language. Positive relationships may be indicative of activity-dependent 
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increases in cortical thickness that result in better cognitive abilities at 2 years of 
age. 
Studies have shown that the auditory cortex is extremely plastic in the first 
few years (Cardon, Campbell, & Sharma, 2012) and that it relies on the input from 
early acoustic environments to develop properly.  If external auditory input are not 
delivered to the auditory cortex during the auditory critical period, deficits are 
observed later in life (A Kral, Hartmann, Tillein, Heid, & Klinke, 2001; Andrej Kral & 
Eggermont, 2007; Sharma, Dorman, & Kral, 2005).    Studies in children born deaf 
have shown that after a cochlear implant, the rate of language acquisition exceeded 
that of un-implanted children and was similar to children with normal hearing 
(Svirsky, Robbins, Kirk, Pisoni, & Miyamoto, 2000).  As half of the Mullen Early 
Learning Composite Score is based on language-based tasks (Receptive Language 
and Expressive Language), it is not surprising that cortical development within 
primary auditory cortex would be consistently related to cognitive outcomes at 2 
years of age.  
Inferior Temporal Gyrus 
 
 An intriguing finding in this analysis was that the ROI with the strongest 
correlations in both cortical thickness and surface area was within the same region: 
the right inferior temporal gyrus.  A deeper look into this region demonstrated that 
the left and right inferior temporal gyrus consistently exhibited strong correlations 
with the Early Learning Composite Score across all time point studied, except at 
birth. At birth, only surface area in the left inferior temporal gyrus exhibited a positive 
relationship (r = 0.2778).   
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Both cortical thickness and surface area change in the first postnatal year 
were positively related to 2-year cognitive outcomes.  Surface area expansion within 
the first year exhibited the strongest correlation described in this study, suggesting 
that the addition of neuropil in this cortical region is crucial important for future 
cognitive abilities.  Both cortical thickness and surface area exhibit considerable 
growth during this time, with cortical thickness increasing ~29% and ~85-95% in 
surface area, bilaterally. In the second postnatal year, correlation values for cortical 
thickness and surface area were entirely negative, with surface area showing 
stronger correlations than did thickness. While cortical thickness increases only 
~5%, surface area is still exhibiting large increases of ~25% during the second 
postnatal year. The negative correlations observed in our analysis suggest that 
individuals exhibiting less growth in the second postnatal year in both thickness and 
surface area within the bilateral inferior temporal gyrus show improved performance 
on 2-year Mullen Early Learning Composite scores. The transitioning between 
positive and negative correlations suggests that the dynamic structural changes 
occurring in the first two years of cortical development strongly indicate the 
importance temporal regulation within the inferior temporal gyrus for future cognitive 
functioning.  
Two-year cortical thickness values in the right inferior temporal gyrus 
exhibited the strongest correlation with 2-year cognitive outcomes across all 
contrasts studied. Surface area also exhibited positive relationships. Taken together, 
this suggests that the structure of the inferior temporal gyrus at the time of the 
behavioral assessment is related to general cognitive functioning. This is one of the 
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few regions that exhibits a strong correlation at the 2 year time point.  Cortical 
thickness in the right inferior temporal gyrus has been previously show to be 
positively related to the general factor of intelligence in typical children (Karama et 
al., 2011) and IQ in healthy adults (Narr et al., 2007). Event-related potential 
analyses have also demonstrated that the right inferior temporal gyrus is implicated 
in word (Nobre, Allison, & McCarthy, 1994) and facial recognition (Haxby, Hoffman, 
& Gobbini, 2000; Schweinberger, Pickering, Jentzsch, Burton, & Kaufmann, 2002) 
as well as retrieval of biographical information associated with faces (Gorno-Tempini 
et al., 1998; Haxby et al., 2000; Leveroni et al., 2000).  
Though fewer studies have analyzed relationships between regional surface 
area growth and intelligence, the involvement of the inferior temporal gyrus in the 
ventral visual pathway cannot be understated (Haxby et al., 1991; Pietrini et al., 
2004). The ventral visual pathway, also known as the “object vision” or “what” 
pathway, is highly involved in object recognition, which is a critically important 
developmental milestone in early cognitive development (Mandler, 1988; Siegel, 
1981). Inability to grasp object recognition and ultimately object permanence has 
been identified as a marker of neurodevelopmental delay (First & Palfrey, 1994). 
Additionally, new evidence has come to light that proposes a ventral stream for 
language processing as well. The ventral stream, which includes the bilateral inferior 
temporal gyrus, acts as the “lexical interface”, which links phonological and semantic 
information (Hickok & Poeppel, 2007).  Taken together, the strong correlations within 
the right inferior temporal gyrus in our analysis may be the result of the development 
of early structural correlates of the functions listed above. Early behavioral tests, 
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such as the Mullen Scales of Early Learning, have specific items that assess factors 
of intelligence such as object permanence and word recognition, which may explain 
why this region was so strongly correlated with 2-year cognitive outcomes.  
However, due to the fact that this region was not one of our a priori hypotheses, 
these results should be taken as findings worthy of future investigation.  
Rolandic Operculum 
 The Rolandic Operculum, specifically within the right hemisphere, is another 
consistent finding within this study. The Rolandic operculum is located at the foot of 
the motor strip and has been largely implicated in movements of the mouth and 
tongue (Tonkonogy & Goodglass, 1981).  Results from our study show that growth 
of cortical thickness and surface area within only the right Rolandic operculum is 
exhibits strong correlations with the Early Learning Composite score at 2 years of 
age. Interestingly, neither the right nor left Rolandic operculum were related to 2 
year cognitive outcomes at birth or 2 years of age, suggesting that the cortical 
growth occurring in the first two postnatal years is more important than the structure 
at birth or structure at the time of the assessment.  We believe that the lack of a 
relationship within the left Rolandic operculum may be due to the smaller size of the 
left hemispheric region on the parcellation map utilized compared to the right 
(Tzourio-Mazoyer et al., 2002), as there is limited evidence of lateralized function 
within the Rolandic operculum.  
 The lack of relationship with the Rolandic operculum at birth is most likely due 
to the presence of brainstem-mediated reflexes that control many critical motor 
capabilities, like breathing and ventilation, early feeding and sucking.  Reflexes like 
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the Moro, Palmar, Babinski, startle and rooting reflex are some examples of critical 
brainstem-mediated motor-related reflexes that are present at birth (Capute, 1986; 
Zafeiriou, 2004). The transition between reflexive motor behaviors and those that are 
more cortically driven occurs within the first few postnatal years (Capute, 1986; 
Zafeiriou, 2004).   
The cortical thickness growth occurring within the first postnatal year within 
the right Rolandic operculum exhibits a strong negative correlation with 2 Year 
MSEL Composite scores (r = -0.3792) but then reverses and exhibits a strong 
positive correlation in the second postnatal year (r = 0.2819). Interestingly, surface 
area growth within the right Rolandic operculum exhibits the opposite patterns to 
cortical thickness, with a strong positive relationship (r = 0.2846) followed by a 
negative relationship (r = -0.3011).  All of the correlations between 2 year cognitive 
outcomes and the change in cortical thickness or surface area reached significance, 
suggesting that the dynamic developmental pattern of the right Rolandic operculum 
is related to 2 year cognitive outcomes. 
Within the first year of postnatal life, cortical thickness within the Rolandic 
operculum increases roughly ~55% bilaterally and is among the top 25% fastest 
growing regions (Lyall et al., 2014).  The observed negative relationship with 2-year 
cognitive outcomes could, once again, be seen as an indicator that regulation of 
cortical growth is beneficial to future outcomes and that aberrant overgrowth may 
result in poorer outcomes.  Surface area, on the other hand, exhibits a ~76% 
bilateral increase in the first postnatal year. This growth was positively related to the 
MSEL 2 year cognitive outcomes.  This suggests that the increase of surface area at 
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this time positively influences future cognitive abilities. Lyall and colleagues (2014) 
previously found that cortical thickness tends to develop before surface area (Lyall et 
al., 2014), so it is possible that the expansion of surface area during this time is due 
to the addition of synapses, dendritic arborizations and elongated axons that will 
support the cellular substrates serving early neuromotor functions (Bhardwaj et al., 
2006; Buxhoeveden & Casanova, 2002; Petanjek et al., 2008; Sanai et al., 2011).  
We believe the observed growth in both thickness and surface area within the first 
year may also be activity-dependent with the onset of more voluntary mouth and 
tongue movements, specifically the introduction of spoon-feeding and early 
language capabilities.  
During the second postnatal year, cortical thickness within the right Rolandic 
operculum exhibits a strong positive relationship with 2-year cognitive outcomes 
while surface area exhibits a strong negative relationship.  Within the second year 
the Rolandic operculum is experiencing cortical thinning, which indicates early 
cortical pruning within the area responsible for tongue and mouth movement.  This 
suggests that cortical refinement of the Rolandic operculum improves performance 
on the Mullen Scales of Early Learning at 2 years of age. The negative relationship 
between surface area and 2 year cognitive outcomes may be a sign that regulated 
expansion of the cortical neuropil within the second year is necessary for the proper 
establishment of healthy motor function.  The appearance of spoken language 
occurs between 1 and 2 years of age and therefore highly implicates the proper 
functioning of the Rolandic operculum (“NIDCD Fact SheetSpeech and Language 
Developmental Milestones,” 2011).  The 2-year MSEL Early Learning Composite 
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Score specifically tests aspects of spoken language with the Expressive Language 
scale and therefore it is not surprising that the development of this region would be 
strongly related during the second postnatal year (Mullen, 1995).  
Limitations and caveats 
 
This study had many limitations that are necessary to discuss.  Despite a lack 
of significance in our a priori hypotheses, it is important to note that the a priori 
hypotheses in this analysis were generated based on literature from late childhood, 
adolescence and adulthood. Despite the consistency of positive findings at those 
later time points, without functional studies in early childhood it is difficult to 
determine whether or not these regions have the same functional specificity, as they 
will later in development.  It has been suggested that during the earliest stages of 
development that infants utilize a more diffuse network of brain regions to interact 
with their environment (Gao, Zhu, et al., 2009). It is not until later in development, 
after years of experience, that certain brain regions become specifically linked to a 
particular function. In fact, within that vein, the lack of significance of our a priori 
hypotheses would then not be wholly unexpected. We feel that this study’s results 
may provide a strong starting point for the development of future hypotheses 
regarding early infant cognition. At the same time, this study may also be able to 
shape new investigations into the early structural correlates of intelligence.   
 Another limitation to this study is that this sample only consists of typically 
developing children. In an effort to remove variability within the study population, the 
authors chose to employ strict exclusion criteria.  Though the range of Mullen Scales 
of Early Learning Composite scores in this sample extends from the 6th percentile 
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rank to the 99th percentile rank (Range of 2 Year MSEL Early Learning Composite: 
77 to 141), with a mean slightly above average (Mean of 2 Year MSEL Early 
Learning Composite (SD): 112 (SD)), the vast majority of these children come from 
families with above average yearly income and above average maternal education 
(See Table 1).  This restricted range could potentially result in weaker correlations in 
our study; evidence exists which suggests that models of predictors tend to fit at-risk 
samples better than normal samples (Molfese & Martin, 2002). Therefore, future 
analyses should include a wider range of subjects, which could be stratified based 
on developmental variables (such as gestational age), environmental variables (such 
as socioeconomic status), or cognitive performance (similar to Shaw et al 2006). 
Given that the number of subjects within each separate cohort is sufficient, this 
stratification would allow for the analysis of group-specific cortical developmental 
trajectories and increase the generalizability of the study.  
 Third, despite our inclusion of certain “environmental” covariates, this study 
lacks a standard measure of the child’s home environment. Studies have 
consistently shown that factors contributing to early postnatal development, such as 
parental education, maternal IQ, and parenting style, can have a dramatic effect on 
early childhood cognitive development (Eriksen et al., 2013; Paulson, 1994).  
Though maternal education was included in the models as a proxy for 
socioeconomic status, future studies should elucidate more thoroughly the impact 
environmental variables have on both early cognitive development and early brain 
structure.   
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 Finally, measuring cognitive ability in children younger than 5 years of age 
may be subject to situational and non-intellectual factors, such as motivation, 
fatigue, shyness or emotional states. These factors may affect the observed 
association between cortical structure and general cognitive ability. All of the scores 
included in this analysis were validated via video recording of the assessment to 
ensure that the observed scores were not affected these types of confounds.  
Summary 
 
Results from this analysis have found that cortical structure was significantly 
related to Mullen Scales of Early Learning Composite Scores in very young children. 
Relationships between cortical surface and Mullen Early Scales of Early Learning 
Composite Scores are present for both thickness and surface area in the first two 
years, contrary to our hypothesis. Also contrary to our hypotheses, analyses of 
overall developmental trajectories of cortical thickness and surface area rendered no 
significant results, though this may be due to a lack of power to detect such 
differences. However, neonatal structure and the change in structure between birth 
and 1 year of life had more significant relationships than 2-year structure. This 
indirectly suggests that the developmental growth preceding the administration of 
the behavioral test was more related to performance on the Mullen Scales of Early 
Learning than the cortical structure the child had at the time of the test. Additionally, 
many of the cortical regions that were found to be significant have been shown to be 
strongly involved in sensorimotor development and language acquisition, two vital 
foundations for proper cognitive functioning and two of the most important skills 
learned during this developmental phase.  Another result of our study that was 
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unexpected was the presence of negative correlations. This is because almost all of 
the cortical regions exhibit strong patterns of growth, negative correlations were a 
surprising result. However, we propose that negative correlations are due to the 
strict spatiotemporal regulation of early cortical development. We believe that 
negative correlations may be specific to periods of early brain development. Overall, 
we believe that this study is an important first step in understanding the early 
structural correlates of developing cognitive abilities in very young children.  
Future Directions 
 Further studies should focus on utilizing the specific and separate Scales of 
the Mullen Scales of Early Learning in an effort to identify specific structural 
correlates for gross motor, fine motor, visual reception, expressive language and 
receptive language tasks. Another potential analysis that could be done would be to 
analyze white matter structure to determine what role myelination may have in 
cognitive development in the first two years of life. Similarly, it would be interesting to 
determine the roles of both the cerebellum and key subcortical structures, such as 
the basal ganglia, the striatum, and the hippocampus, in early childhood brain 
development. Inclusion of a wider range of children in this study would also allow for 
an in-depth analysis into what other factors, aside from brain structure, are predictive 
of later cognitive function.  By studying at-risk groups, such as infants born 
prematurely or infants with a first-degree relative with a psychiatric disorder may also 
provide avenues to identify which cortical structures are critically important for the 
healthy development of higher-order cognitive functions later in life and what cortical 
structures may be compromised in atypically developing children. As we have 
 161 
shown, the growth preceding the assessment was highly predictive of performance. 
Identification of a divergence in structural development in atypical children early in 
life, during a period of extremely heightened plasticity may lead to early therapeutic 
interventions that could help to mitigate long-term effects of aberrant cortical 
development.  
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Region of Interest
Partial 
Pearson 
Correlation
P-Value
Partial 
Pearson 
Correlation
P-Value
Partial 
Pearson 
Correlation
P-Value
Partial 
Pearson 
Correlation
P-Value
Central Region
Precentral_L -0.1132 0.3769 0.1928 0.1270 0.2136 0.0954 -0.0223 0.8622
Precentral_R -0.0360 0.7791 0.0503 0.6931 0.0815 0.5287 0.0059 0.9632
Postcentral_L -0.0638 0.6195 0.0404 0.7515 0.0872 0.5003 0.0189 0.8828
Postcentral_R 0.1223 0.3397 0.1660 0.1899 0.0069 0.9576 0.1231 0.3364
Rolandic_Oper_L 0.0121 0.9251 -0.0319 0.8026 -0.0947 0.4640 -0.0032 0.9802
Rolandic_Oper_R -0.0425 0.7408 -0.1338 0.2917 -0.3792 0.0024 0.2819 0.0252
Frontal Lobe
Lateral Surface
Frontal_Sup_L -0.2128 0.0940 -0.0385 0.7625 0.0333 0.7975 0.0443 0.7301
Frontal_Sup_R -0.0248 0.8469 -0.0225 0.8599 -0.0707 0.5849 0.1008 0.4320
Frontal_Mid_L -0.2287 0.0714 -0.1901 0.1324 -0.0520 0.6880 0.0683 0.5947
Frontal_Mid_R 0.0042 0.9741 -0.0705 0.5800 -0.1091 0.3988 0.1157 0.3665
Frontal_Inf_Oper_L -0.0857 0.5040 -0.0520 0.6833 -0.0391 0.7632 -0.0661 0.6068
Frontal_Inf_Oper_R -0.2271 0.0734 -0.0180 0.8878 0.0003 0.9984 0.0247 0.8479
Frontal_Inf_Tri_L -0.2252 0.0760 0.0485 0.7037 0.0701 0.5882 0.0989 0.4404
Frontal_Inf_Tri_R -0.3353 0.0072 -0.1083 0.3944 0.2087 0.1036 -0.0839 0.5131
Medial Surface
Frontal_Sup_Medial_L -0.1446 0.2581 -0.0953 0.4536 -0.0166 0.8984 0.0383 0.7656
Frontal_Sup_Medial_R 0.0910 0.4782 -0.2853 0.0223 -0.1720 0.1813 -0.0117 0.9277
Supp_Motor_Area_L -0.2383 0.0600 0.0235 0.8539 0.1383 0.2836 -0.0244 0.8492
Supp_Motor_Area_R -0.1572 0.2186 -0.0594 0.6410 -0.0086 0.9470 0.1255 0.3270
Paracentral_Lobule_L 0.0269 0.8345 0.0184 0.8852 0.1621 0.2080 -0.0821 0.5224
Paracentral_Lobule_R -0.0650 0.6126 0.0842 0.5081 -0.0115 0.9294 0.2489 0.0492
Orbital Surface
Frontal_Sup_Orb_L 0.1114 0.3848 -0.1177 0.3542 -0.0571 0.6591 -0.1621 0.2044
Frontal_Sup_Orb_R 0.1406 0.2718 -0.0178 0.8891 0.0345 0.7902 -0.1160 0.3652
Frontal_Med_Orb_L 0.0238 0.8533 0.1199 0.3455 0.0027 0.9834 0.1076 0.4014
Frontal_Med_Orb_R -0.0885 0.4904 -0.2730 0.0291 -0.1397 0.2790 -0.0310 0.8094
Frontal_Mid_Orb_L -0.0854 0.5058 -0.0420 0.7415 0.0548 0.6724 -0.0573 0.6555
Frontal_Mid_Orb_R 0.0020 0.9875 0.0032 0.9798 0.0924 0.4750 -0.0727 0.5710
Frontal_Inf_Orb_L -0.2258 0.0752 -0.0588 0.6447 0.0877 0.4979 0.0187 0.8844
Frontal_Inf_Orb_R -0.1016 0.4284 0.0173 0.8918 0.2174 0.0896 -0.2107 0.0974
Rectus_L 0.3779 0.0023 0.0973 0.4444 -0.1203 0.3515 -0.0823 0.5213
Rectus_R 0.1469 0.2506 -0.0229 0.8577 -0.1115 0.3881 -0.0364 0.7768
Olfactory_L 0.0283 0.8259 0.0364 0.7752 0.0924 0.4752 -0.0606 0.6369
Olfactory_R -0.0337 0.7931 -0.0132 0.9174 0.0743 0.5660 -0.0577 0.6536
Temporal Lobe
Temporal_Sup_L 0.0814 0.5261 0.0871 0.4938 -0.0334 0.7965 -0.0917 0.4748
Temporal_Sup_R -0.1199 0.3494 0.1238 0.3298 0.1298 0.3146 -0.0371 0.7731
Heschl_L 0.2681 0.0336 0.1619 0.2011 -0.3359 0.0076 0.2515 0.0468
Heschl_R 0.0922 0.4724 0.2000 0.1131 0.0394 0.7610 0.0798 0.5341
Temporal_Mid_L -0.0771 0.5482 0.2735 0.0287 0.2176 0.0893 -0.1173 0.3600
Temporal_Mid_R 0.0883 0.4914 0.3486 0.0048 0.1770 0.1687 -0.0727 0.5713
Temporal_Inf_L -0.0617 0.6312 0.1058 0.4052 0.1309 0.3104 -0.0347 0.7875
Temporal_Inf_R -0.0064 0.9605 0.3986 0.0011 0.3253 0.0099 -0.1439 0.2606
Temporal_Pole_Sup_L -0.2494 0.0487 -0.1807 0.1530 0.1922 0.1345 -0.2457 0.0522
Temporal_Pole_Sup_R -0.0869 0.4984 -0.1042 0.4127 0.0829 0.5218 -0.0894 0.4861
Temporal_Pole_Mid_L 0.0514 0.6894 0.0295 0.8167 0.1652 0.1993 -0.2821 0.0251
Temporal_Pole_Mid_R 0.1800 0.1580 0.0723 0.5704 0.0646 0.6181 -0.2829 0.0247
 Table S4.1. Partial Pearson Correlations of Cortical Thickness Measures to 2 Year Mullen Composite 
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Region of Interest
Partial 
Pearson 
Correlation
P-Value
Partial 
Pearson 
Correlation
P-Value
Partial 
Pearson 
Correlation
P-Value
Partial 
Pearson 
Correlation
P-Value
Insula
Insula_L -0.0578 0.6525 0.1897 0.1333 -0.1337 0.3004 0.3006 0.0167
Insula_R 0.1244 0.3314 0.0664 0.6024 -0.1983 0.1223 0.0613 0.6331
Cingulate
Cingulate_Ant_L 0.0810 0.5282 -0.2029 0.1078 -0.2643 0.0379 -0.0190 0.8826
Cingulate_Ant_R 0.0395 0.7584 -0.1485 0.2416 -0.1846 0.1509 0.1123 0.3810
Cingulate_Mid_L 0.1714 0.1792 -0.1863 0.1406 -0.0981 0.4482 -0.1844 0.1481
Cingulate_Mid_R -0.0445 0.7293 -0.1186 0.3505 -0.0752 0.5611 0.0001 0.9996
Cingulate_Post_L 0.2498 0.0484 -0.0014 0.9913 -0.0820 0.5262 0.0103 0.9363
Cingulate_Post_R -0.1999 0.1162 0.1258 0.3221 0.0299 0.8175 0.1767 0.1658
Parietal Lobe
Parietal_Sup_L -0.0168 0.8961 0.0160 0.9003 -0.0076 0.9534 0.1225 0.3389
Parietal_Sup_R 0.0721 0.5746 -0.0179 0.8886 -0.0869 0.5017 0.1089 0.3956
Parietal_Inf_L -0.2509 0.0473 -0.1477 0.2440 0.0036 0.9780 0.1638 0.1996
Parietal_Inf_R 0.2812 0.0256 -0.1484 0.2419 -0.3324 0.0083 0.1276 0.3190
Angular_L -0.1543 0.2272 -0.0037 0.9767 -0.0594 0.6467 0.1216 0.3425
Angular_R -0.0004 0.9975 -0.1876 0.1377 -0.3248 0.0100 0.1651 0.1960
SupraMarginal_L -0.0611 0.6344 0.0489 0.7013 -0.0209 0.8719 0.0076 0.9529
SupraMarginal_R 0.2881 0.0220 0.1325 0.2967 -0.1476 0.2522 0.0247 0.8477
Precuneus_L -0.0520 0.6858 -0.1933 0.1259 -0.1497 0.2455 0.1468 0.2510
Precuneus_R -0.1558 0.2227 -0.0526 0.6798 -0.1331 0.3023 0.3519 0.0047
Occipital Lobe
Occipital_Sup_L -0.1809 0.1559 -0.0306 0.8104 0.1656 0.1983 -0.0646 0.6149
Occipital_Sup_R 0.0445 0.7289 -0.0376 0.7681 -0.0806 0.5334 -0.0106 0.9341
Occipital_Mid_L -0.2306 0.0691 0.0235 0.8540 0.1843 0.1515 -0.0637 0.6197
Occipital_Mid_R 0.0240 0.8519 0.0248 0.8457 -0.0235 0.8562 -0.0450 0.7260
Occipital_Inf_L -0.1726 0.1760 -0.0494 0.6981 0.2373 0.0633 -0.1427 0.2646
Occipital_Inf_R -0.0989 0.4407 -0.0335 0.7926 0.0595 0.6462 -0.0307 0.8110
Cuneus_L -0.0189 0.8828 -0.0088 0.9452 -0.0177 0.8913 0.0178 0.8899
Cuneus_R 0.0801 0.5328 0.0916 0.4715 -0.1183 0.3598 0.0846 0.5096
Calcarine_L -0.0235 0.8552 0.0106 0.9339 0.1294 0.3163 -0.1404 0.2724
Calcarine_R 0.1240 0.3331 0.1585 0.2111 -0.0304 0.8147 0.0581 0.6510
Lingual_L -0.0337 0.7934 0.0087 0.9454 0.1737 0.1769 0.0200 0.8767
Lingual_R -0.0336 0.7941 0.2164 0.0859 0.1868 0.1461 0.0109 0.9323
Fusiform_L 0.0748 0.5600 -0.1643 0.1945 -0.0268 0.8359 0.0032 0.9800
Fusiform_R -0.1149 0.3700 0.0962 0.4494 -0.0403 0.7559 0.3112 0.0130
Correlations are conditionally formatted along a red-blue gradient to show strong positive correlations as red and strong negative correlations 
as blue; P-values are conditionally formatted to show yellow where p ≤ 0.05.
 Table S4.1. Partial Pearson Correlations of Cortical Thickness Measures to 2 Year Mullen Composite 
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Region of Interest
Partial 
Pearson 
Correlation
P-Value
Partial 
Pearson 
Correlation
P-Value
Partial 
Pearson 
Correlation
P-Value
Partial 
Pearson 
Correlation
P-Value
Central Region
Precentral_L -0.2083 0.1014 -0.1283 0.3122 -0.1250 0.3331 0.0819 0.5233
Precentral_R 0.1108 0.3874 0.0161 0.8996 -0.1084 0.4018 0.1010 0.4311
Postcentral_L 0.0230 0.8580 -0.1642 0.1948 -0.2782 0.0286 0.1329 0.2989
Postcentral_R -0.0024 0.9851 -0.0558 0.6614 -0.2635 0.0385 0.1689 0.1859
Rolandic_Oper_L 0.0903 0.4816 0.1491 0.2396 0.0976 0.4503 0.0978 0.4459
Rolandic_Oper_R 0.1614 0.2062 0.0473 0.7105 0.2846 0.0250 -0.3011 0.0165
Frontal Lobe
Lateral Surface
Frontal_Sup_L 0.0176 0.8910 0.0023 0.9856 0.0093 0.9429 0.0029 0.9817
Frontal_Sup_R 0.1917 0.1323 0.2171 0.0849 0.1132 0.3812 0.0241 0.8515
Frontal_Mid_L -0.0820 0.5229 -0.1916 0.1292 -0.0281 0.8281 -0.2185 0.0854
Frontal_Mid_R -0.0650 0.6127 -0.1205 0.3430 -0.1331 0.3023 0.1169 0.3616
Frontal_Inf_Oper_L 0.1834 0.1501 0.0524 0.6809 0.2626 0.0392 -0.1615 0.2060
Frontal_Inf_Oper_R 0.0926 0.4702 0.0589 0.6439 0.0619 0.6328 0.0728 0.5709
Frontal_Inf_Tri_L 0.0683 0.5949 0.1512 0.2331 0.2137 0.0953 -0.0175 0.8919
Frontal_Inf_Tri_R 0.0910 0.4780 0.0654 0.6077 -0.0605 0.6402 0.2272 0.0734
Medial Surface
Frontal_Sup_Medial_L -0.0837 0.5143 -0.1820 0.1500 -0.1173 0.3637 0.1047 0.4141
Frontal_Sup_Medial_R -0.0182 0.8875 0.0032 0.9801 0.0609 0.6383 -0.0459 0.7209
Supp_Motor_Area_L -0.1271 0.3209 -0.1510 0.2336 -0.0646 0.6182 -0.0580 0.6518
Supp_Motor_Area_R -0.0675 0.5993 -0.1534 0.2261 -0.0062 0.9621 -0.1949 0.1258
Paracentral_Lobule_L 0.0120 0.9259 -0.1557 0.2193 -0.1981 0.1228 -0.0738 0.5653
Paracentral_Lobule_R 0.1520 0.2344 -0.0645 0.6127 0.0547 0.6728 -0.2348 0.0640
Orbital Surface
Frontal_Sup_Orb_L -0.1005 0.4333 -0.1433 0.2587 0.0367 0.7768 -0.0597 0.6419
Frontal_Sup_Orb_R -0.0005 0.9971 0.0217 0.8651 0.0221 0.8646 0.0093 0.9426
Frontal_Med_Orb_L -0.1454 0.2556 -0.0848 0.5052 0.0766 0.5541 0.0085 0.9476
Frontal_Med_Orb_R -0.1329 0.2991 0.1013 0.4256 0.3022 0.0170 -0.1205 0.3468
Frontal_Mid_Orb_L -0.0712 0.5791 0.0266 0.8349 0.2067 0.1070 -0.1657 0.1944
Frontal_Mid_Orb_R -0.0329 0.7982 -0.0411 0.7470 0.0423 0.7439 -0.0174 0.8926
Frontal_Inf_Orb_L 0.1381 0.2803 0.0893 0.4831 0.2687 0.0347 -0.1705 0.1815
Frontal_Inf_Orb_R 0.2396 0.0586 0.1888 0.1351 0.1401 0.2776 0.0474 0.7123
Rectus_L -0.2674 0.0341 -0.1817 0.1508 -0.0270 0.8349 0.0322 0.8024
Rectus_R -0.2432 0.0548 -0.2239 0.0753 0.1005 0.4372 -0.1969 0.1219
Olfactory_L -0.3056 0.0149 0.0174 0.8914 0.1897 0.1397 -0.0521 0.6853
Olfactory_R 0.1905 0.1348 0.1260 0.3211 -0.1365 0.2902 0.1861 0.1442
Temporal Lobe
Temporal_Sup_L 0.0056 0.9653 -0.0866 0.4965 -0.0096 0.9407 -0.0526 0.6820
Temporal_Sup_R -0.0099 0.9389 -0.0466 0.7145 -0.1403 0.2768 0.1531 0.2308
Heschl_L 0.0797 0.5344 0.1213 0.3397 0.2961 0.0195 -0.1901 0.1357
Heschl_R -0.0603 0.6386 -0.1319 0.2989 0.2163 0.0913 -0.4163 0.0007
Temporal_Mid_L -0.0522 0.6844 0.0866 0.4961 -0.0783 0.5450 0.1404 0.2725
Temporal_Mid_R -0.0212 0.8692 0.1028 0.4191 0.1956 0.1276 -0.0020 0.9873
Temporal_Inf_L 0.2778 0.0275 0.1989 0.1152 0.2499 0.0501 -0.1566 0.2202
Temporal_Inf_R 0.0412 0.7486 0.2041 0.1057 0.4387 0.0004 -0.2994 0.0171
Temporal_Pole_Sup_L -0.1657 0.1942 -0.0426 0.7382 -0.0352 0.7860 0.1535 0.2297
Temporal_Pole_Sup_R -0.1274 0.3196 -0.0859 0.4999 0.0379 0.7702 -0.0650 0.6127
Temporal_Pole_Mid_L -0.0783 0.5419 0.0377 0.7677 0.1513 0.2403 0.1005 0.4333
Temporal_Pole_Mid_R 0.1981 0.1196 0.1954 0.1218 0.1642 0.2023 -0.0126 0.9219
 Table S4.2. Partial Pearson Correlations of Surface Area Measures to 2 Year Mullen Composite 
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Region of Interest Partial P-Value Partial P-Value Partial P-Value Partial P-Value
Insula
Insula_L -0.0011 0.9934 0.0610 0.6320 0.0844 0.5141 -0.0119 0.9261
Insula_R -0.0542 0.6730 0.0911 0.4739 0.0806 0.5336 0.0633 0.6223
Cingulate
Cingulate_Ant_L -0.1129 0.3781 -0.0309 0.8087 0.0055 0.9662 0.0270 0.8334
Cingulate_Ant_R -0.1472 0.2495 -0.1688 0.1825 0.1277 0.3228 -0.1731 0.1748
Cingulate_Mid_L 0.0422 0.7425 -0.0830 0.5146 0.1575 0.2216 -0.1496 0.2418
Cingulate_Mid_R -0.3089 0.0138 -0.2390 0.0571 0.2181 0.0885 -0.2089 0.1003
Cingulate_Post_L 0.0076 0.9528 0.0063 0.9606 0.1310 0.3101 -0.0569 0.6576
Cingulate_Post_R -0.0033 0.9792 -0.0145 0.9098 0.2227 0.0819 -0.2144 0.0916
Parietal Lobe
Parietal_Sup_L 0.2030 0.1105 0.2027 0.1081 0.1456 0.2588 0.1694 0.1843
Parietal_Sup_R 0.2567 0.0423 0.1597 0.2075 0.2216 0.0835 -0.0760 0.5537
Parietal_Inf_L 0.1810 0.1558 0.2783 0.0259 0.0309 0.8113 0.2513 0.0469
Parietal_Inf_R -0.1030 0.4216 -0.0517 0.6850 -0.1513 0.2404 0.0905 0.4808
Angular_L 0.0173 0.8929 0.0186 0.8843 0.1012 0.4340 -0.0351 0.7851
Angular_R 0.0873 0.4963 0.1096 0.3886 0.0350 0.7871 0.0952 0.4582
SupraMarginal_L 0.0780 0.5432 0.1238 0.3298 -0.1105 0.3924 0.3038 0.0155
SupraMarginal_R -0.0519 0.6864 0.0890 0.4844 0.1100 0.3946 0.0935 0.4659
Precuneus_L 0.2349 0.0639 0.2493 0.0470 0.2406 0.0596 -0.0899 0.4833
Precuneus_R 0.1254 0.3274 0.0034 0.9789 0.0260 0.8412 -0.0043 0.9734
Occipital Lobe
Occipital_Sup_L -0.2536 0.0449 -0.2429 0.0531 -0.0809 0.5318 -0.1623 0.2037
Occipital_Sup_R -0.1946 0.1264 -0.2100 0.0958 -0.1625 0.2069 -0.0160 0.9007
Occipital_Mid_L -0.1578 0.2167 -0.0032 0.9798 0.0419 0.7462 -0.0154 0.9047
Occipital_Mid_R -0.0636 0.6205 -0.0804 0.5278 -0.0231 0.8586 -0.0032 0.9804
Occipital_Inf_L 0.0154 0.9044 0.0355 0.7808 0.1379 0.2852 -0.1418 0.2677
Occipital_Inf_R -0.0205 0.8734 0.0376 0.7680 0.2067 0.1070 -0.1191 0.3524
Cuneus_L -0.0430 0.7377 -0.2056 0.1031 -0.0697 0.5901 -0.2469 0.0511
Cuneus_R -0.1113 0.3852 -0.1023 0.4213 -0.2704 0.0335 0.2120 0.0953
Calcarine_L 0.0728 0.5709 -0.0116 0.9274 -0.1261 0.3289 0.0574 0.6551
Calcarine_R -0.1490 0.2440 -0.1760 0.1643 -0.2101 0.1013 0.0906 0.4801
Lingual_L 0.0172 0.8939 -0.1288 0.3104 0.1263 0.3280 -0.1368 0.2850
Lingual_R -0.0136 0.9156 -0.2638 0.0352 -0.0454 0.7263 -0.1029 0.4224
Fusiform_L 0.1359 0.2883 0.0465 0.7150 0.0733 0.5712 -0.0727 0.5711
Fusiform_R 0.3040 0.0154 0.2275 0.0706 0.4239 0.0006 -0.2247 0.0766
Correlations are conditionally formatted along a red-blue gradient to show strong positive correlations as red and strong negative correlations 
as blue; P-values are conditionally formatted to show yellow where p ≤ 0.05.
 Table S4.2. Partial Pearson Correlations of Surface Area Measures to 2 Year Mullen Composite 
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Region of Interest Overall Trajectory    F Statistic NUMDF,DENDF  P-Value
Overall Trajectory   
F Statistic NUMDF,DENDF  P-Value
Central Region
Precentral_L 1.3507    2, 134 0.2626 0.2107    2, 134 0.8103
Precentral_R 0.6254    2, 134 0.5366 0.2685    2, 134 0.7649
Postcentral_L 0.5971    2, 134 0.5518 0.0959    2, 134 0.9086
Postcentral_R 0.7304    2, 134 0.4836 0.1477    2, 134 0.8628
Rolandic_Oper_L 0.2699    2, 134 0.7639 0.2632    2, 134 0.769
Rolandic_Oper_R 0.9526    2, 134 0.3883 0.2012    2, 134 0.818
Frontal Lobe
Lateral Surface
Frontal_Sup_L 0.8418    2, 134 0.4332 0.2499    2, 134 0.7792
Frontal_Sup_R 0.7218    2, 134 0.4877 0.4367    2, 134 0.6471
Frontal_Mid_L 1.4471    2, 134 0.2389 0.4644    2, 134 0.6295
Frontal_Mid_R 1.0818    2, 134 0.3419 0.416    2, 134 0.6605
Frontal_Inf_Oper_L 0.1453    2, 134 0.8649 0.491    2, 134 0.6131
Frontal_Inf_Oper_R 0.1276    2, 134 0.8803 0.5329    2, 134 0.5882
Frontal_Inf_Tri_L 0.3563    2, 134 0.7009 0.3602    2, 134 0.6982
Frontal_Inf_Tri_R 0.9746    2, 134 0.38 0.4443    2, 134 0.6422
Medial Surface
Frontal_Sup_Medial_L 0.7021    2, 134 0.4974 0.2813    2, 134 0.7552
Frontal_Sup_Medial_R 0.9521    2, 134 0.3885 0.2705    2, 134 0.7634
Supp_Motor_Area_L 0.5288    2, 134 0.5905 0.0498    2, 134 0.9515
Supp_Motor_Area_R 0.3184    2, 134 0.7279 0.1906    2, 134 0.8267
Paracentral_Lobule_L 0.6774    2, 134 0.5096 0.3252    2, 134 0.7229
Paracentral_Lobule_R 0.4867    2, 134 0.6157 0.3021    2, 134 0.7398
Orbital Surface
Frontal_Sup_Orb_L 0.4434    2, 134 0.6428 0.3033    2, 134 0.7389
Frontal_Sup_Orb_R 0.1578    2, 134 0.8542 0.2568    2, 134 0.7739
Frontal_Med_Orb_L 0.6492    2, 134 0.5241 0.2598    2, 134 0.7716
Frontal_Med_Orb_R 1.8886    2, 134 0.1553 0.2171    2, 134 0.8051
Frontal_Mid_Orb_L 0.5498    2, 134 0.5784 0.3076    2, 134 0.7357
Frontal_Mid_Orb_R 0.3202    2, 134 0.7266 0.289    2, 134 0.7494
Frontal_Inf_Orb_L 0.6189    2, 134 0.5401 0.33    2, 134 0.7195
Frontal_Inf_Orb_R 0.6081    2, 134 0.5459 0.3687    2, 134 0.6923
Rectus_L 0.3776    2, 134 0.6863 1.1448    2, 134 0.3214
Rectus_R 0.5353    2, 134 0.5868 0.7511    2, 134 0.4738
Olfactory_L 0.5528    2, 134 0.5766 0.2451    2, 134 0.7829
Olfactory_R 0.6178    2, 134 0.5407 0.4648    2, 134 0.6292
Temporal Lobe
Temporal_Sup_L 1.0138    2, 134 0.3656 0.238    2, 134 0.7885
Temporal_Sup_R 0.8246    2, 134 0.4406 0.2168    2, 134 0.8053
Heschl_L 1.1181    2, 134 0.3299 0.0093    2, 134 0.9908
Heschl_R 1.5155    2, 134 0.2234 0.271    2, 134 0.763
Temporal_Mid_L 1.3892    2, 134 0.2529 0.2725    2, 134 0.7619
Temporal_Mid_R 1.7715    2, 134 0.174 0.3501    2, 134 0.7053
Temporal_Inf_L 0.574    2, 134 0.5647 1.1992    2, 134 0.3046
Temporal_Inf_R 0.1584    2, 134 0.8537 0.6654    2, 134 0.5157
Temporal_Pole_Sup_L 0.5616    2, 134 0.5716 0.3738    2, 134 0.6888
Temporal_Pole_Sup_R 0.5786    2, 134 0.5621 0.3141    2, 134 0.731
Temporal_Pole_Mid_L 0.1783    2, 134 0.8369 0.3003    2, 134 0.7411
Temporal_Pole_Mid_R 0.0781    2, 134 0.9249 1.6444    2, 134 0.197
 Table S4.3. Analysis of Overall Trajectory Predicting 2 Year Mullen Composite Scores  
Cortical Thickness Surface Area
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Region of Interest Overall Trajectory    F Statistic NUMDF,DENDF  P-Value
Overall Trajectory   
F Statistic NUMDF,DENDF  P-Value
Insula_L 0.0933    2, 134 0.911 0.3092    2, 134 0.7345
Insula_R 0.3417    2, 134 0.7112 0.2447    2, 134 0.7833
Cingulate
Cingulate_Ant_L 0.6349    2, 134 0.5316 0.2847    2, 134 0.7527
Cingulate_Ant_R 0.518    2, 134 0.5969 0.2608    2, 134 0.7708
Cingulate_Mid_L 0.7221    2, 134 0.4876 0.3161    2, 134 0.7296
Cingulate_Mid_R 0.2701    2, 134 0.7637 0.2064    2, 134 0.8138
Cingulate_Post_L 0.5619    2, 134 0.5715 0.3168    2, 134 0.729
Cingulate_Post_R 0.6161    2, 134 0.5416 0.3299    2, 134 0.7196
Parietal Lobe
Parietal_Sup_L 0.682    2, 134 0.5073 1.3163    2, 134 0.2716
Parietal_Sup_R 0.58    2, 134 0.5613 1.0155    2, 134 0.365
Parietal_Inf_L 0.7111    2, 134 0.4929 0.6167    2, 134 0.5412
Parietal_Inf_R 0.5571    2, 134 0.5742 0.2761    2, 134 0.7592
Parietal Lobe cont.
Angular_L 0.6966    2, 134 0.5001 0.2804    2, 134 0.7559
Angular_R 0.6963    2, 134 0.5002 0.2352    2, 134 0.7907
SupraMarginal_L 0.6466    2, 134 0.5255 0.205    2, 134 0.8149
SupraMarginal_R 0.889    2, 134 0.4135 0.2281    2, 134 0.7964
Precuneus_L 0.4048    2, 134 0.6679 0.6076    2, 134 0.5461
Precuneus_R 0.3326    2, 134 0.7177 0.4921    2, 134 0.6124
Occipital Lobe
Occipital_Sup_L 0.6616    2, 134 0.5177 0.3141    2, 134 0.731
Occipital_Sup_R 0.6136    2, 134 0.5429 0.1756    2, 134 0.8392
Occipital_Mid_L 0.6418    2, 134 0.528 0.2026    2, 134 0.8168
Occipital_Mid_R 0.5404    2, 134 0.5838 0.1914    2, 134 0.826
Occipital_Inf_L 0.3646    2, 134 0.6951 0.3118    2, 134 0.7326
Occipital_Inf_R 0.5925    2, 134 0.5544 0.3813    2, 134 0.6837
Cuneus_L 0.7228    2, 134 0.4873 0.1875    2, 134 0.8293
Cuneus_R 0.5847    2, 134 0.5587 0.1026    2, 134 0.9025
Calcarine_L 0.6082    2, 134 0.5458 0.2145    2, 134 0.8072
Calcarine_R 0.6737    2, 134 0.5115 0.4301    2, 134 0.6513
Lingual_L 0.5308    2, 134 0.5894 0.2735    2, 134 0.7611
Lingual_R 0.5861    2, 134 0.5579 0.2115    2, 134 0.8096
Fusiform_L 0.6253    2, 134 0.5366 0.3495    2, 134 0.7057
Fusiform_R 1.6073    2, 134 0.2043 1.1467    2, 134 0.3208
Cortical Thickness Surface Area
 Table S4.3. Analysis of Overall Trajectory Predicting 2 Year Mullen Composite Scores, continued 
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CHAPTER 5: ABNORMAL CORTICAL THICKNESS AND SURFACE AREA 
DEVELOPMENT IN 1 AND 2 YEAR INFANTS AT HIGH GENETIC RISK FOR 
SCHIZOPHRENIA 
 
Introduction 
 
 . Schizophrenia is a devastating, chronic disorder that is a leading cause of 
disability in the US, affecting almost 1% of the population (Regier et al., 1993). This 
disorder presents with an extremely heterogeneous array of symptoms ranging from 
hallucinations and delusions of grandeur to anhedonia and poverty of speech 
(Mueser & McGurk, 2004).  Cognitive deficits are also seen in individuals with 
schizophrenia, specifically in working memory and executive functioning (Mueser & 
McGurk, 2004). Symptoms of schizophrenia usually present in late 
adolescence/early adulthood and persist for a lifetime. The heterogeneous nature of 
schizophrenia makes the study, and ultimately the treatment, of this debilitating 
psychiatric disorder challenging. Yet, despite extensive study, the etiology of 
schizophrenia is still unknown.  
 Schizophrenia has been characterized as a neurodevelopmental disorder for 
over 20 years (Murray & Lewis, 1987; Weinberger, 1987).  The neurodevelopmental 
model of schizophrenia suggests that the illness is the end stage of abnormal 
neurodevelopmental processes that begin years before the onset of the illness 
(Rapoport et al., 2012). Though the natural progression of schizophrenia has not yet 
been elucidated, increasing evidence suggest that many neurodevelopmental 
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disorders may stem from genetic variations which lead to an increased vulnerability 
to early environmental insults resulting in aberrant development during prenatal or 
early postnatal life (Bayer, Buslei, Havas, & Falkai, 1999; Insel, 2010; D. A. Lewis & 
Levitt, 2002). According to the “two-hit” hypothesis of schizophrenia, early 
neurodevelopment defects, which change how the brain appears or grows, 
constitute a risk factor or predisposition that leaves the brain compromised or 
vulnerable. The second hit, potentially environmental or biological directly triggers 
the clinical symptoms later in life (Bayer, Falkai, & Maier, 1999; Insel, 2010; D. A. 
Lewis & Levitt, 2002).  However, most studies of schizophrenia focus on later 
periods of development, such as adolescence and early adulthood when individuals 
exhibit clinical symptoms, ostensibly after experiencing the “second hit”.  If the two-
hit hypothesis is indeed correct, prospective studies of early childhood are needed to 
determine if pre- or perinatal development is 1) exhibiting early pathological signs 
and 2) if those signs could lead to an increasingly vulnerable brain.  
 Neuroimaging studies have provided the best available in vivo tool for detecting 
pathological changes in the brain in the study of schizophrenia and other psychiatric 
disorders. Previous brain imaging studies of individuals with schizophrenia have 
consistently shown patterns of gray matter reduction in parietal, frontal and temporal 
regions in both childhood-onset (COS), first-episode (FE) and chronic cases 
(Goldman et al., 2009; Kuperberg et al., 2003; Rapoport et al., 2012). The observed 
gray matter reductions are due to a progressive back-to-front wave of cortical 
thinning that initiates in the parietal lobe and ultimately spreads to the frontal and 
temporal lobes (Kuperberg et al., 2003; Rimol et al., 2010; Thompson, Vidal, et al., 
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2001). Cortical surface area reductions have also been described in circumscribed 
regions of the frontal, temporal, parietal and occipital lobes (Gutiérrez-Galve et al., 
2010; Rimol et al., 2012), though with less frequency.  Evidence of excessive 
thinning in the cortex preceding symptom onset has been shown for both COS and 
AOS cases (Greenstein et al., 2006; Narr, Bilder, et al., 2005). In a study of ultra 
high-risk individuals, the degree of cortical thinning in the insula and cingulate cortex 
predicted which individuals transitioned to psychosis (Fornito et al., 2008; T. 
Takahashi et al., 2009).  Cognitive processes are also affected in individuals with 
schizophrenia, with specific deficits in general cognition, attention, and motor tasks 
(Krieger et al., 2005; Rais et al., 2012; Schiffman et al., 2009). Retrospective meta-
analyses of schizophrenia have shown that these deficits are present even before 
the prodromal phase and can appear in early childhood (Jones et al., 1994; 
Khandaker et al., 2011; Morrison et al., 2006; O’Carroll, 2000).  
 Schizophrenia is also a highly heritable disorder, with associated genetic risk 
ranging from 13% to 60% (Gottesman, 1991; Sullivan, Kendler, & Neale, 2003; 
Sullivan, 2005). Studies of genetic high-risk individuals, usually of the offspring or 
unaffected siblings of an individual with a confirmed case of schizophrenia, have 
observed structural brain abnormalities (Geoffroy, Etain, & Houenou, 2013; 
Smieskova et al., 2010; Sullivan et al., 2003).  Prospective imaging studies of non-
psychotic siblings of COS patients have shown a pattern of prefrontal and temporal 
gray matter deficits in childhood that appear to “normalize” by the time subjects 
reach late adolescence (Gogtay et al., 2007). Another study by Prasad et al (2010) 
has also shown fronto-parietal cortical surface area reductions in offspring of 
 171 
patients with schizophrenia (Prasad et al., 2010).  Non-psychotic siblings of twin 
pairs also provide a valuable contrast group to address whether the observed brain 
trajectories represent familial/genetic traits.  Unaffected co-twins exhibit structural 
abnormalities that are similar to, but less severe than, those observed in affected 
twins (Baare, van Oel, et al., 2001; van Haren et al., 2004) . These abnormalities 
include decreased brain volume, enlarged lateral ventricles and decreased prefrontal 
gray matter volumes (van Haren et al., 2004).  Taken together, these studies 
demonstrate that the genetics of schizophrenia can manifest intro structural changes 
in unaffected relatives.  As such, the study of these genetically linked individuals 
may provide more information on the nature of biological changes due to the “first 
hit.”   
 Genetic high-risk populations, specifically studies concerning the offspring of 
individuals with schizophrenia, provide a valuable way to assess potential 
developmental progression of the disorder in a cohort that is un-medicated and 
asymptomatic with a high genetic penetrance (13%) (McGue & Gottesman, 1991; 
Sullivan, 2005). Neuroimaging studies focusing on infants of the offspring of women 
with schizophrenia are limited and provide a valuable opportunity to determine if 
children with an increased genetic risk for schizophrenia exhibit structural 
abnormalities very early in development.  A previous analyses of this cohort 
demonstrated that the males with an increased genetic risk for schizophrenia, but 
not females have significantly larger intracranial volumes, cortical gray matter 
volumes, and lateral ventricle volumes two weeks after birth (Gilmore, Kang, et al., 
2010).  Another study of this neonatal cohort showed that GHR children exhibited 
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altered structural connectivity when compared to their healthy counterparts at birth 
(Shi, Yap, et al., 2012) and cortical thickness, but not surface area, is affected in 
GHR neonates with sexually dimorphic similarities (Li et al., Under review).  
Therefore, the purpose of this study is to conduct a cross-sectional follow-up 
analysis on the same cohort of genetic high-risk infants at 1 and 2 years of age and 
determine if differences in cortical thickness or surface area development exist in 
infants that have a high genetic risk for schizophrenia. Deviations early in 
development from healthy trajectories may be indicative of abnormal 
neurodevelopment during the prenatal period as well as the potential for continued 
abnormal development later in life. The establishment of structural biomarkers of risk 
during infancy would allow for early therapeutic interventions during a period of 
exceptionally high plasticity in brain development. Early identification and increased 
understanding of the progression of aberrant neurodevelopment leading to 
schizophrenia is crucial for mitigation, or ultimately prevention, of disease 
progression.  
Methods 
 
 The Institutional Review Board of the University of North Carolina-Chapel Hill 
(UNC-CH) School of Medicine approved this study. New mothers with schizophrenia 
or schizoaffective disorder were recruited from inpatient psychiatric units and 
outpatient clinics in central North Carolina. Mothers with schizophrenia underwent a 
Structured Clinical Interview for DSM-IV Axis I Disorders (SCID), and past 
psychiatric records were obtained; a final consensus diagnosis was assigned. The 
matched control mothers were selected from a companion study of normal brain 
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development; for this study, pregnant women without psychiatric illness, major 
medical illness, pregnancy complications, or abnormalities shown by prenatal 
ultrasound were recruited from the Prenatal Diagnostic Clinic at the University of 
North Carolina Hospitals. Potential control mothers were screened for psychiatric 
illness with a modified SCID. Active substance abuse was an exclusion criterion for 
both the patient and control mothers. 
 Written informed consent forms were obtained from all parents of all 1- and 2-
year old children included in this study. All children were free of congenital 
abnormalities, metabolic disease, and focal lesions. All children included in the 
control group had no familial history of mental illness or abnormalities on MRI. Two 
control children were manually matched to one high-risk infant using gender, 
gestational age at birth, ethnicity, duration of stay in the NICU, and maternal 
education.  
 This study contains two cross-sectional populations. The 1-year cohort consists 
of 26 high-risk children and 51 matched controls. The 2-year cohort consists of 20 
high-risk and 40 matched controls at 2 year. Eighteen 1-year controls and nineteen 
2-year controls were included in a previous analysis of regional gray matter 
development (Gilmore et al., 2011) and vertex-based analyses of surface area 
expansion, structural cortical asymmetries and cortical gyrification (Li, Nie, Wang, et 
al., 2012; Li, Nie, Wang, Shi, Lyall, et al., 2013). Twenty-one of the 1- and 2-year 
controls were included in a longitudinal analysis of regional cortical thickness and 
surface area development(Lyall et al., 2014).  
Image Acquisition 
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Images were acquired on a Siemens head-only 3T scanner (Allegra, Siemens 
Medical System, Erlangen, Germany).  Infants were fed, swaddled, fitted with ear 
protection, and had their heads placed in a Vac-Fix immobilization device.  Children 
1- and 2-years of age were scanned during their usual nap times. T1-weighted 
structural pulse sequences were a 3D magnetization prepared rapid gradient echo 
(MP-RAGE TR = 1820 msec, inversion time = 400 msec, echo time = 4.38 msec, flip 
angle = 7 degrees, n = 57). Proton density and T2-weighted images were obtained 
with a turbo spin echo sequence (TSE, TR = 6200 msec, TE1 = 20 msec, TE2 = 119 
msec, flip angle 150 degrees). Spatial resolution was 1 X 1 X 1 mm voxel for T1-
weighted images, 1.25 X 1.25 X 1.5 mm voxel with .5 mm interslice gap for proton 
density/T2-weight images.  
2.3 Image Analysis 
 
Images were resampled into 1x1x1 mm3 resolution, skull-stripped, and then 
had the cerebellum and brain stem removed (Shi, Wang, et al., 2012). A level-set 
based method was applied for consistent image segmentation of gray matter, white 
matter and cerebrospinal fluid on T1-weight cross-sectional images (Wang, Shi, Lin, 
Gilmore, & Shen, 2011).  The segmentation was done on each image separately 
with the guidance of an age-specific pediatric atlas for the 1 and 2 year cohorts (Shi 
et al., 2011) Major steps include: 1) a convex segmentation initialization; 2) partial 
volume removal; and 3) coupled level sets based segmentation as outlined in Wang 
et al (2011).  
Inner and outer cortical surfaces were first constructed using the process 
described in Li et al (2012) with the inner cortical surface defined by the interface 
 175 
between white matter and gray matter and the outer cortical surface is defined by 
the interface between gray matter and CSF (Li, Nie, Wu, et al., 2012). The surface 
reconstruction includes the following steps: (1) performing topology-correction of 
white matter to ensure a spherical topology; (2) utilizing the Marching cubes method 
to convert the boundary of the corrected white matter to an explicit surface 
representation; (3) applying the deformable surface method driven by a force 
derived from the Laplace’s equation to obtain the refined inner surface and outer 
surface. Cortical thickness (CT) and surface area (SA) were measured after the 
surface reconstruction. The cortical thickness for each vertex was computed as the 
average value of the minimum distance from inner to outer surfaces and the 
minimum distance from outer to inner surfaces.  
A prior 90-region parcellation atlas (76 cortical and 14 subcortical regions) 
(Tzourio-Mazoyer et al., 2002) was transformed to infant space (Shi et al., 2011) and 
used to generate surface-based regions of interest (ROIs). The 1-year and 2-year 
parcellation atlas images were registered to individual subjects with nonlinear 
HAMMER registration and atlas label maps were transformed accordingly (Shen & 
Davatzikos, 2002). Cortical ROIs were first projected onto the inner cortical surface 
and then mapped to the outer cortical surface to obtain surface-based ROIs. The 
average cortical thickness and surface area were calculated within each ROI. Total 
cortical volume is defined as the volume of the cerebrum, as the cerebellum and the 
brain stem were removed during processing.  
2.4 Statistical Analysis 
 
 All statistical analyses were performed using SAS statistical software, version 
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9.3. For demographic variables, frequency distributions were calculated for 
categorical variables, and means (standard deviations) were calculated for 
continuous variables. The least squared means (standard error) were also 
calculated for the 76 regions of interest for the cortical surface measures, cortical 
thickness and surface area. The 1 and 2 year cohorts were analyzed independently. 
For the comparison of CT and SA values between the control population and high-
risk population, least squares means were calculated in linear models that included 
gender, gestational age at birth (days), chronological age (days) and maternal 
education (years) for both the 1 and 2 year cohorts. Models analyzing surface area 
were run with and without cortical volume as a covariate. Models analyzing cortical 
thickness were run with and without mean cortical thickness as a covariate.  The 
primary region of interest in this analysis is the superior parietal gyrus. This region 
was tested without correction for multiple comparisons at a significance level of 0.05. 
Key secondary hypotheses, the superior frontal gyrus and the superior temporal 
gyrus, were tested using a Bonferroni correction.  All other statistical hypothesis 
tests were not correct for multiple comparisons, as the analyses on the remaining 
ROIs are considered primarily hypothesis generating.   
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Table 5.1A. High-Risk Follow Up Population Demographics  
1 Year Cohort 
 Comparison Genetic High Risk p-Value 
Total Subjects 52 26  
Gender    
Male 20 10  
Female 32 16  
Ethnicity   0.0098* 
White 37 10  
Black 14 15  
Asian 1 1  
Gestational Age at Birth (days) 272.3 (11.97) 262.1 (15.90) 0.0019* 
Birth Weight (grams) 3329 (438.1) 2951 (759.8) 0.0041* 
Duration of Stay in NICU (days) 0.27 (1.36) 3.12 (7.53) 0.0208* 
Maternal Age at Birth (years) 29.52 (4.55) 28.60 (6.42) 0.3467 
Maternal Education (years) 16.12 (2.75) 9.60 (3.55) <.0001* 
Total Household Income $67,877 ($48,061) $19,082 ($15,650) <.0001* 
Chronological Age at 1 Year MRI (days) 383.1 (26.04) 392.6 (31.16) 0.2794 
MSEL 1 Year Composite Score 117.1 (13.60) 109.4 (17.80) 0.1059 
Medication and Substance Exposure    
Anti-psychotics 0 14 <.0001* 
Anti-depressants 2 8 0.0041* 
Anti-epileptics 0 3 0.0475* 
Alcohol Use 0 3 0.0342* 
MSEL; Mullen Scales of Early Learning (Mullen, 1995) 
 
Table 5.1B. High-Risk Follow Up Population Demographics  
2 Year Cohort 
 Comparison Genetic High Risk p-Value 
Total Subjects 40 20  
Gender    
Male 24 12  
Female 16 8  
Ethnicity   0.1167 
White 27 9  
Black 12 11  
Asian 1 0  
Gestational Age at Birth (days) 272.2 (12.81) 266.1 (16.54) 0.2518 
Birth Weight (grams) 3300 (478.7) 3083 (663.7) 0.1878 
Duration of Stay in NICU (days) 0.08 (3.82) 1.70 (5.93) 0.3742 
Maternal Age at Birth (years) 29.91 (4.50) 26.51 (4.96) 0.0161* 
Maternal Education (years) 15.86 (3.05) 9.70 (3.39) <.0001* 
Total Household Income $67,925 ($45,416) $17,625 ($12,690) <.0001* 
Chronological Age at 2 Year MRI (days) 747.1 (25.42) 767.1 (37.79) 0.0356* 
MSEL 2-Year Composite Score 111.1 (17.75) 95.68 (31.28) 0.0006* 
Medication and Substance Exposure    
Antipsychotics 0 8 <.0001* 
Anti-depressants 1 7 0.0020* 
Anti-epileptics 0 3 0.0414* 
Alcohol Use 0 2 0.1073 
MSEL; Mullen Scales of Early Learning (Mullen, 1995) 
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Results 
 
3.1 Demographic and Clinical Characteristics 
 
 Table 5.1A&B summarizes the socio-demographic variables as well as 
medication and substance exposure between the comparison and high-risk groups. 
In the 1-year cohort, the high-risk subjects significantly differed on demographic 
variables with regard to gestational age at birth, total household income, ethnicity, 
maternal education level, birth weight, and duration of stay in the neonatal intensive 
care unit (Table 5.1A).  In the 2-year cohort, the high-risk subjects significantly 
differed on demographic variables with regard to total household income, maternal 
age at birth, maternal education level, and postnatal age at 2 year MRI (Table 5.1B). 
In the 1-year cohort, 14 of the high-risk subjects had exposure to anti-psychotics, 8 
to anti-depressants, 3 to anti-epileptics and 3 to alcohol during pregnancy (Table 
5.1A). In the 2-year cohort, 8 of the high-risk subjects had exposure to anti-
psychotics, 7 to anti-depressants, 3 to anti-epileptics and 2 to alcohol during 
pregnancy (Table 5.1B). Early childhood IQ is significantly lower in high-risk children, 
reflected by Mullen Scales of Early Learning Composite Score (Mullen, 1995), in 
both the 1- and 2-year cohorts (Table 5.1A&B).  
 No significant differences were found for, cortical volume, total surface area, or 
mean cortical thickness between high-risk and comparison children in either the 1- 
or 2-year cohort (Table 5.1A&B). All data presented includes mean cortical thickness 
or cortical volume as a covariate for cortical thickness or surface area models, 
respectively. Data presented includes only cortical regions with an un-corrected p-
value of less than 0.05. Results from analysis of all cortical regions can be found in 
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Tables S5.1-5.4 for the overall analyses in the 1 and 2-year-old cohorts and Tables 
S5.5-5.8 for the significant findings in the gender analyses. 
 
3.2 Cortical Thickness 
 
3.2.1 One Year Cohort 
 
Amongst our a priori hypotheses, we found that the left superior parietal gyrus 
(F = 6.67, p = 0.0119) exhibited a significant decrease in cortical thickness at 1 year 
of age with a corrected p-value less than 0.025. Further overall ROI-based analyses 
revealed significant group differences between the high risk and comparison children 
in the 1-year cohort for cortical thickness in the left opercular surface of the inferior 
frontal gyrus (F = 7.41, p = 0.0081), the right middle cingulate gyrus (F = 5.18, p = 
0.0259), the left (F = 9.62, p = 0.0028) and right (F = 5.38, p = 0.0232) paracentral 
lobule, the left superior temporal pole (F = 5.21, p = 0.0254), the left middle temporal 
gyrus (F = 4.36, p = .0404), and the right inferior temporal gyrus (F = 5.13, p = 
0.0266).  The 1-year old high risk cohort exhibited significantly thicker CT in the left 
opercular surface of the inferior frontal gyrus, the right middle cingulate gyrus, the 
left superior temporal pole, the left middle temporal gyrus and the right inferior 
temporal gyrus (Table 5.2, Figure 5.1a). The 1-year high-risk cohort exhibited 
significantly thinner CT in the left superior parietal gyrus and the left and right 
paracentral lobule (Table 5.2, Figure 5.1a).  Supplementary Table 1 shows the 
percent difference for each ROI between comparison and high-risk children for the 
overall analysis.  
 Gender effects in cortical thickness were also found at 1 year of age (Table 
S5.5).  Of our a priori hypotheses, we found that high-risk males had significantly 
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thinner cortical thickness in the right superior parietal gyrus (F = 4.76, p = 0.0392) 
than comparison infants, while high risk female had significantly thinner cortical 
thickness in the left superior parietal gyrus (F = 4.17, p = 0.0475). 
  The male high-risk children had significantly thicker CT in the left opercular 
surface of the inferior frontal gyrus (F = 8.21, p = 0.0085), left medial superior frontal 
gyrus (F = 8.68, p = 0.0071), the left insula (F = 14.21, p = 0.0009), and the right 
middle cingulate gyrus (F =4.38, p = 0.0470) than comparison children (Table S5.5, 
Figure S1). High-risk males had significantly thinner CT in the right paracentral 
lobule (F = 6.31, p = 0.0191), and the left middle occipital gyrus (F = 4.56, p = .0431) 
than comparison children (Table S.5.5, Figure S5.1). Female high-risk children 
exhibited significantly thicker CT in the left opercular surface of the inferior frontal 
gyrus (F = 7.36, p = 0.0096) and right inferior temporal gyrus (F = 9.70, p = 0.0033), 
yet significantly thinner CT in the left precuneus (F = 4.80, p = 0.0341) (Table S5.5).  
3.2.2 Two Year Cohort 
 In the two-year cohort, none of a priori hypotheses were found to be 
significant in the overall analysis. Further overall ROI-based analysis revealed 
significant group differences between the high risk and comparison children in the 2-
year cohort for the cortical thickness in the left insula (F = 4.94, p = 0.0305), the right 
orbital surface of the inferior frontal gyrus (F = 7.20, p = 0.0096), the right lingual 
gyrus (F = 8.24, p = 0.0059), and the left inferior parietal gyrus (F = 4.48, p = 
0.0391). The 2-year-old high-risk cohort exhibited significantly thicker CT in the 
orbital surface of the inferior frontal gyrus and the right lingual gyrus, yet exhibited 
significantly thinner CT in the left insula and left inferior parietal gyrus (Table 5.3, 
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Figure 5.1b). Table S5.2 shows the percent difference for each ROI between 
comparison and high-risk children for the overall analysis. 
 Of our a priori hypotheses, we found that females had significantly thinner 
cortical thickness in the left superior parietal gyrus (F = 7.45, p = 0.0137). The 
analysis of gender effects in cortical thickness at 2 years of age (Table S5.6, Figure 
S5.2) show that male high-risk children had significantly thicker CT in the right orbital 
surface of the inferior frontal gyrus (F = 18.42, p = 0.0002), and the right lingual 
gyrus (F = 4.55, p = 0.0411) than the male comparison children. Conversely, the 
male high-risk children had significantly thinner CT in the right olfactory gyrus (F = 
4.30, p = 0.0468) than the male comparison children.  Female high-risk children 
exhibited significantly thicker CT in the left (F = 7.16, p = 0.0154) and right lingual 
gyrus (F = 4.53, p = 0.0474), yet significantly thinner CT in the left anterior cingulate 
gyrus (F = 6.37, p = 0.0212) and (Table S5.6). 
  
 
 
 
 
Table 5.2. One Year Cohort Cortical Thickness – Overall Significant Findings 
Region of Interest Comparison  Mean (SE) 
High Risk  
Mean (SE) F statistic p-value 
Frontal_Inf_Oper_L 3.22 (0.03) 3.38 (0.04) 7.41 0.0081 
Cingulate_Mid_R 2.73 (0.03) 2.86 (0.04) 5.18 0.0259 
Parietal_Sup_L* 2.54 (0.03) 2.36 (0.05) 6.67 0.0119 
Paracentral_Lobule_L 2.43 (0.04) 2.18 (0.06) 9.62 0.0028 
Paracentral_Lobule_R 2.61 (0.04) 2.39 (0.07) 5.38 0.0232 
Temporal_Pole_Sup_L 4.14 (0.07) 4.48 (0.11) 5.21 0.0254 
Temporal_Mid_L 3.12 (0.02) 3.22 (0.03) 4.36 0.0404 
Temporal_Inf_R 3.05 (0.03) 3.18 (0.04) 5.13 0.0266 
Table 5.3. Two Year Cohort Cortical Thickness – Overall Significant Findings 
Region of Interest Comparison Mean (SE) 
High Risk 
Mean (SE) F statistic p-value 
Frontal_Inf_Orb_R 3.21 (0.02) 3.35 (0.04) 4.94 0.0096 
Insula_L 3.40 (0.02) 3.28 (0.04) 7.20 0.0305 
Lingual_R 2.24 (0.02) 2.36 (0.03) 8.24 0.0059 
Parietal_Inf_L 2.73 (0.02) 2.69 (0.03) 4.48 0.0392 
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 Table 5.4. One Year Cohort Cortical Surface Area – Overall Significant Findings 
Region of Interest Comparison  Mean (SE) 
High Risk  
Mean (SE) F statistic p-value 
Frontal_Sup_R 2986.52 (64.97) 2677.25 (100.14) 5.14 0.0265 
Frontal_Inf_Orb_R 1565.21 (43.11) 1359.55 (66.45) 5.16 0.0262 
Frontal_Sup_Medial_L 1794.66 (42.92) 1612.26 (66.16) 4.09 0.0468 
Frontal_Med_Orb_L 429.80 (17.39) 511.05 (26.80) 4.95 0.0293 
Occipital_Inf_R 1233.46 (35.79) 1070.28 (55.16) 4.71 0.0333 
 
 
 
 
Table 5.5. Two Year Cohort Cortical Surface Area – Overall Significant Findings 
Region of Interest Comparison Mean (SE) 
High Risk 
Mean (SE) F statistic p-value 
Frontal_Inf_Orb_L 1919.50 (48.79) 1673.81 (77.71) 5.65 0.0211 
Rolandic_Oper_L 1305.06 (26.33) 1160.38 (41.94) 6.73 0.0122 
Fusiform_L 2834.36 (56.96) 3119.44 (90.72) 5.58 0.0218 
Temporal_Inf_R 4087.53 (92.30) 3560.07 (147.01) 7.28 0.0093 
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3.3 Surface Area 
 
3.3.1 One Year Cohort 
 
 Of our a priori hypotheses, we found that the right superior frontal gyrus (F = 
5.14, p = 0.0265) was significant in the overall analysis in our one-year cohort (Table 
5.4, Figure 5.2). Further overall ROI-based analysis revealed significant group 
differences between the high risk and comparison children in the 1 year cohort for 
surface area in the right orbital surface of the inferior frontal gyrus (F = 5.16, p = 
0.0262), the left medial surface of the superior frontal gyrus (F = 4.09, p = 0.0468), 
the left orbital surface of the medial frontal gyrus (F = 4.95, p = 0.0293), and the right 
inferior occipital gyrus (F = 4.71, p = 0.0333) (Table 5.4, Figure 5.2). High-risk 
children had significantly less surface area in all of the significant ROIs except the 
left orbital surface of the medial frontal gyrus, where 1-year-old high-risk children 
exhibited greater surface area. Table S5.3 shows the percent difference for each 
ROI between comparison and high-risk children for the overall analysis. 
 In our gender analysis, none of our a priori hypotheses were found to be significant. 
Further analyses revealed specific gender effects in the surface area at 1 year of age (Table 
S5.7, Figure S5.1). The male high-risk children had significantly greater surface area in the 
left insula (F = 5.24, p = 0.0312), yet significantly smaller surface area in the right orbital 
surface of the inferior frontal gyrus (F = 6.29, p = 0.0193), the left medial surface of the 
superior frontal gyrus (F = 7.17, p = 0.0132), and the right paracentral lobule (F = 4.39, p = 
0.0470).  High-risk females had significantly less surface area in the right lingual gyrus (F = 
4.64, p = 0.0371) when compared to the comparison females (Table S5.7). 
 Figure 5.1. Overall Analysis – Cortical Thickness Significant Findings. Heat maps showing regions where cortical 
thickness differences are significant to a level of p <0.05 when comparing the high-risk children to comparison children 
within the 1 year (A) and 2 year (B) cohorts. Warmer colors indicate higher significance. 
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 Figure 5.2. Overall Analysis – Surface Area Significant Findings. Heat maps showing regions where surface area 
differences are significant to a level of p <0.05 when comparing the high-risk children to comparison children within the 
1 year (A) and 2 year (B) cohorts. Warmer colors indicate higher significance. 
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Figure 5.3. Qualitative Analysis of Cortical Thickness and Surface Area Findings. Anatomical values of all regions of 
interest were grouped into one of four categories: (1) cortical thickness and surface area are both anatomically larger 
in high risk subjects (Red); (2) cortical thickness, but not surface area, is anatomically larger in high risk subjects 
A B 
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 (Orange); (3) surface area, but not cortical thickness, is anatomically larger in high risk subjects (Yellow); and (4) 
cortical thickness and surface area are not anatomically larger in high risk subjects (Blue). Cortical surface maps are 
provided for the 1-year cohort (A) and the 2-year cohort (B).  For a complete list of cortical thickness and surface area 
values for the high risk and comparison children see Tables S 5.1-5.4. 
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3.3.2 Two Year Cohort 
 In our study, none of our a priori hypotheses were found to be significant in 
either the overall or gender analysis.  
ROI-based analysis revealed significant group differences between the high 
risk and comparison children in the 2 year cohort for surface area in the left orbital 
surface of the inferior frontal gyrus (F = 5.65, p = 0.0210), the left Rolandic 
operculum (F = 6.73, p = 0.0122), the left fusiform gyrus (F = 5.58, p = 0.0218), and 
the right inferior temporal gyrus (F = 7.28, p = 0.0093) (Table 5.5). High-risk children 
had significantly less surface area in all of the significant ROIs except the fusiform 
gyrus, where 2-year-old high-risk children exhibited greater surface area (Table 5.5). 
Table S5.4 shows the percent difference for each ROI between comparison and 
high-risk children for the overall analysis. 
 Further analysis revealed specific gender effects in surface area at 2 years of 
age (Table S5.8, Figure S5.2). The male high-risk children had significantly greater 
surface area in the left orbital surface of the superior frontal gyrus (F = 4.36, p = 
0.0452), yet significantly smaller surface area in the right opercular surface of the 
inferior frontal gyrus (F =6.46, p = 0.0164), left Rolandic operculum (F = 4.61, p = 
0.0400), and the right angular gyrus (F = 5.99, p = 0.0204).  Female high-risk 
children exhibited significantly greater surface area in the left triangular inferior 
frontal gyrus (F = 4.65, p = 0.0449) and the left middle temporal gyrus (F = 5.56, p = 
0.0299), yet exhibited significantly less surface area in the right orbital surface of the 
superior frontal gyrus (F = 4.65, p = 0.0449) and the left Rolandic operculum (F = 
7.69, p = 0.0125) compared to comparison female children (Table S5.8).  
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Qualitative Analysis 
 
 In an effort to understand the pattern of the global differences between high 
risk and comparison infants, a qualitative overlap analysis of our cortical thickness 
and surface area results was conducted. The result of this analysis can be see in 
Figure 5.3 Due to our previous studies in the neonatal period, which showed gray 
matter enlargement in high-risk males (Gilmore et al 2010), we were interested to 
see if high-risk infants exhibited globalized or localized enlargements in either one or 
both cortical surface measures. In this figure, anatomical values of all our regions of 
interest were grouped into one of four categories: (1) cortical thickness and surface 
area are both anatomically larger in high risk subjects (red); (2) cortical thickness, 
but not surface area, is anatomically larger in high risk subjects (orange); (3) surface 
area, but not cortical thickness, is anatomically larger in high risk subjects (yellow); 
and (4) cortical thickness and surface area are not anatomically larger in high risk 
subjects (blue). It is important to note that this qualitative analysis does not take into 
account significance testing or the magnitude of the difference between high risk and 
comparison infants.  
 At 1 year of age 81.6% of regions had anatomical enlargement of one or both 
cortical surface measures in the high-risk population. At 1 year of age, enlargements 
were equally distributed between combined and independent cortical surface 
measures.  Combined cortical thickness and surface area regions constitute 25% of 
the anatomical enlargement; cortical-thickness-specific regions constitute 28.9% and 
surface-area-specific regions constitute 27.6% of the anatomical enlargements. Only 
18.4% had cortical thickness and surface area anatomical measurements that were 
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both smaller than comparison infants. By 2 year of age, the percentage of regions 
with anatomical enlargement in one or both surface measures decreases to 71.1% 
in the high risk infants. Combined cortical thickness and surface area regions 
decrease to constitute only 15.8% of the anatomical enlargement; both cortical 
thickness-specific and surface area-specific regions constitute 27.6% of the 
anatomical enlargement. Interestingly, the number of regions exhibiting cortical 
thickness and surface area anatomical values that are less than healthy controls 
increased to 28.9%. 
 As shown in Figure 5.3 regions with specific enlargement of cortical thickness 
in high-risk subjects are primarily located in the prefrontal, frontal and medial 
occipital lobes at 1 year of age. This pattern continues to be present at 2 years of 
age yet in primarily the right hemisphere, with only a few areas of the left 
hemisphere, specifically the left inferior temporal gyrus, left precentral gyrus and left 
middle occipital gyrus, showing cortical thickness specific enlargements.  
 On the other hand, specific enlargements in cortical surface area are localized 
more posterior to the cortical thickness specific enlargements, specifically in the 
parietal lobes. Surface area specific enlargements in high risk subjects can be see in 
the left medial parietal, right parietal and precentral gyrus, bilateral orbitofrontal 
cortex, the left Rolandic operculum, the right inferior occipital gyrus and the left 
anterior cingulate at 1 year of age. Interestingly, at 2 years of age, cortical surface 
area specific enlargements progress anteriorly on the left hemisphere, replacing 
areas that were once cortical thickness specific in the lateral frontal lobe, as seen in 
Figure 5.3. The right hemisphere remains relatively stable at 2 years of age, 
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exhibiting similar patterns of regional cortical surface area enlargement as the 1-year 
cohort.  
 Regions of combined cortical thickness and surface area enlargements in the 
high risk subjects were localized to the bilateral temporal and parietal lobes, the left 
posterior cingulate, right precuneus, bilateral inferior frontal gyrus and left middle 
frontal gyrus at 1 year of age. At 2 years of age, combined enlargement of cortical 
thickness and surface area is seen in in the right postcentral gyrus, the right 
precuneus, right inferior parietal gyrus, bilateral medial frontal gyri, left lingual gyrus, 
left inferior frontal gyrus, and left middle frontal gyrus.  
 Finally, areas where cortical thickness and surface area were smaller in high 
risk subjects at 1 year of age were primarily located in the lateral occipital and lateral 
parietal areas of the left hemisphere as well as the postcentral gyrus and Rolandic 
operculum of the right hemisphere. By 2 years of age, areas where high-risk 
subjects are smaller in both cortical thickness and surface area substantially 
expanded on the left hemisphere, encompassing the majority of the parietal, 
occipital and temporal lobes as well as the majority of the bilateral cingulate cortex.  
These areas also expanded in the right hemisphere at 2 years of age, with high risk 
subjects smaller in both thickness and surface area in the majority of the right lateral 
occipital and inferior parietal areas.  
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Discussion 
 
 To our knowledge, this is the first study investigating cortical thickness and 
surface area differences in a group of genetic high-risk infants at 1 and 2 years of 
age.  Despite the lack of overall difference in cortical volume, total surface area or 
mean cortical thickness, specific regional differences were found in the high risk 
cohorts at 1 and 2 years of age.  These abnormalities indicate potential aberrant 
cortical development that manifest as pre-existing structural vulnerabilities within 
specific regions as early as 1 year of age. Globally, significant differences were only 
found in association cortices and significant differences were not localized to one 
particular region of the brain.  Cortical thickness differences were primarily in the 
temporal and parietal lobes while surface area differences were found primarily in 
the frontal lobes.  
Cortical Thickness 
 
 Our a priori hypotheses we found the left superior parietal had significantly 
decreased cortical thickness in the overall high-risk population at one year of age. A 
similar pattern was observed at 2 years of age, yet it did not reach significance.  
Additionally, our qualitative analysis demonstrated that high-risk children tended to 
have thinner cortices than comparison infants in the majority of the parietal lobe, 
specifically the paracentral lobule and superior and inferior parietal gyrus (Figure 
5.3).  Our finding is consistent with childhood and adolescent-onset studies that 
have shown the parietal cortex to be the area where cortical thinning initiates at or 
before symptom onset (Gogtay, Sporn, et al., 2004; Thompson, Vidal, et al., 2001). It 
has also been shown in childhood-onset patient groups that the parietal lobe tends 
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to normalize when the subject nears adolescence while the frontal and temporal 
regions continue to be affected (Greenstein et al., 2006). Similarly, unaffected 
siblings of COS patients exhibit significant reductions in parietal regions, particularly 
in late childhood and early adolescence that are normalize before the age of 17 
(Gogtay, Sporn, et al., 2004; Mattai et al., 2011).  Our data suggests that it may be 
possible parietal regions are affected even earlier in the disease progression than 
previously believed, which may provide an explanation for why parietal regions tend 
to normalize as the disease progresses later in life.  
 In our exploratory analyses, significant differences in cortical thickness were 
found in high-risk children in multiple cortical areas at 1 and 2 years of age that were 
previously associated with schizophrenia.  We observed significant differences in the 
cingulate gyrus, the insula, the inferior parietal gyrus, and multiple temporal regions, 
which suggests that these areas are already showing differential growth patterns 
from comparison infants.  Multiple cortical thickness analyses centered on both high-
risk and patient groups have shown cortical thickness differences in many of the 
same regions as our study.  
 Cortical thickness abnormalities within the cingulate gyrus, part of the limbic 
cortex that has been highly implicated in the study of schizophrenia, were seen at 
both 1 and 2 years of age in the present analysis. In our study, the right middle 
cingulate cortex was found to have significantly greater cortical thickness than 
comparison infants at 1 and 2 years of age, but only reached significance at 1 year.  
Cortical thinning in the cingulate gyrus has been consistently described in a number 
of studies investigating structural differences in pro-bands, first-episode psychosis 
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patients and adolescent- and adult-onset cases of schizophrenia (Bora et al., 2011; 
Goghari, Rehm, Carter, & MacDonald, 2007; Goldman et al., 2009; Kuperberg et al., 
2003; Narr, Toga, et al., 2005; Vidal et al., 2006; Y. Yang et al., 2012). Reductions in 
cortical thickness in the cingulate gyrus also were found to predict transition to 
psychosis in a population of ultra-high-risk individuals (Fornito et al., 2008).  An 
increase cortical thickness in the middle cingulate gyrus as early at 1 year of age, 
suggests that the mechanisms regulating the growth and development of the 
cingulate cortex are displaying divergent behavior from that of a healthy infant.  In 
fact, Lyall and colleagues (2014) found evidence for cortical thinning in the cingulate 
cortex between 1 and 2 years of age (Lyall et al 2014). This suggests that the 
increased cortical thickness in the middle cingulate cortex may be caused by faulty 
mechanisms that control apoptosis.  Taken together, all of these studies point to 
aberrant development within the cingulate cortex and that this abnormal 
development may set the stage of later cortical thinning seen in later patient 
populations. 
 The insular cortex, another key region within the limbic system, has also been 
extensively associated with schizophrenia. The left insula was found to have less 
cortical thickness at both 1 and 2 years of age, overall, yet only reached significance 
at 2 years of age. Recently, the left insular cortex was specifically defined as the 
region with the greatest deficit in patients with schizophrenia compared to controls, 
with cortical thinning in the left insular cortex more affected that the right insular 
cortex (Crow, Chance, Priddle, Radua, & James, 2013; Kuperberg et al., 2003).  
Studies have also identified the insula as a region that displays disease-specific 
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cortical thinning when compared to both healthy subjects and subjects with bipolar 
disorder (Cheung et al., 2010; Rimol et al., 2012). Similarly to the cingulate gyrus, 
the abnormalities in the insular cortex were found to precede symptom onset in a 
study of ultra-high-risk subjects (T. Takahashi et al., 2009).  In healthy infants, 
cortical thickness within the insula increases roughly 70% in the first postnatal yet, 
exhibits an only a ~1% increase in the second postnatal year (Lyall et al 2014). 
Therefore, despite the lack of significance in our 1-year cohort, the results from our 
study suggest that the abnormal developmental trajectories that may ultimately lead 
to differences in adolescence and early adulthood patient groups may be the result 
of aberrant cortical growth in the first postnatal year. 
 High-risk infants also exhibited significant cortical thickness increases within 
the orbital and opercular part of the inferior frontal gyrus. In a previous study by 
Harms and colleagues (2010), the inferior frontal gyrus was identified as a region 
most related to familial risk (Harms et al., 2010). In this study, deficits in cortical 
volume were found in the middle frontal and inferior frontal gyri in schizophrenia 
patients, yet cortical volume deficits in the inferior frontal gyrus were seen their 
unaffected relatives but not controls (Harms et al., 2010).  In our study, increased 
cortical thickness in the high-risk population relative to the controls provides 
evidence for an altered development trajectory in the currently unaffected infants, 
similar to Harms et al (2010) (Harms et al., 2010)  Functionally, the inferior frontal 
gyrus is implicated in cognitive control and language production and speech 
comprehension (Brass, Derrfuss, Forstmann, & von Cramon, 2005; Lu et al., 2007; 
Whitney, Kirk, O’Sullivan, Lambon Ralph, & Jefferies, 2011).  Individuals who 
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develop schizophrenia are known to have problems with response inhibition and 
cognitive control tasks (Cho, Konecky, & Carter, 2006; Lesh, Niendam, Minzenberg, 
& Carter, 2011) and can also present with limited language abilities when exhibiting 
negative symptoms. Therefore, our study also provides evidence that dysfunctional 
development of the cortical structure may underlie specific symptoms associated 
with schizophrenia.  
 Cortical deficits within the temporal lobe are the most consistently reported 
finding in schizophrenia (Honea, Crow, Passingham, & Mackay, 2005). Significant 
differences in cortical thickness within the temporal lobe were only seen in the 1-
year cohort.  At 1 year of age, the right inferior and left middle temporal gyrus, as 
well as the left superior temporal pole, was significantly greater than comparison 
infants.  This pattern is seen bilaterally in the temporal lobe, as shown in Figure 5.1. 
Increases in cortical thickness within the inferior and middle temporal gyrus have not 
been previously described in the literature, but increases in the volume of the right 
posterior superior temporal gyrus have been described in schizophrenia adult 
patients (Taylor et al 2005). Despite the lack of significance within the 2-year 
findings, the temporal lobe displays a different anatomical profile and is 
quantitatively smaller in areas such as the bilateral inferior temporal gyrus and the 
middle and superior temporal poles. In agreement with our results, significant 
reductions in cortical thickness have also been described in studies of non-psychotic 
offspring of schizophrenia patients (Rajarethinam et al 2004). Additionally, previous 
analyses of high risk and patient populations regularly report gray matter reductions 
and cortical thinning in the temporal lobe occurring after symptom onset (Cobia, 
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Smith, Wang, & Csernansky, 2012; Honea et al., 2005).  Other studies have shown 
that the left superior temporal gyrus specifically, showed progressive gray matter 
volume reduction in patients with first episode psychosis schizophrenia but not in 
patients with first-episode affective psychosis (Kasai et al 2003), suggesting that 
reductions within circumscribed areas of the temporal lobe may be a specific marker 
of schizophrenia.  Cortical thickening, and non-significant cortical thinning, during 
early stages of development represents a divergence from the healthy trajectory and 
could also indicate that the differences witnessed later in development originate from 
abnormalities occurring in the first years of life.  
 
Surface Area 
 
 Of our a priori hypotheses, we found that the right superior frontal gyrus was 
significantly decreased in the overall high-risk population at 1 year of age. At 2 years 
of age, surface area in the right superior frontal gyrus was also smaller in the high-
risk cohort, however this did not reach significance. Interestingly, the left superior 
frontal gyrus was non-significantly larger in high-risk subjects at 2, but 1, year of age. 
Asymmetry between the frontal lobes has been described in schizophrenia patient 
populations and exhibits that same pattern of reduced right frontal regions (Turetsky, 
1995).  In this same analysis, right frontal lobe reductions were correlated to duration 
of illness (Turetsky, 1995). Postmortem studies have found selective reductions in 
the volume of the frontal lobe in patients with schizophrenia (Harrison, 2000).  
Frontal lobe gray matter volumes have been shown to be associated with negative 
symptom severity and smaller right prefrontal gray matter volumes have been found 
to be significantly correlated to poorer performance on verbal and visual memory 
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tasks as well as semantic fluency (Baaré et al., 1999).  Studies within older 
unaffected siblings have described volume reductions in frontal areas that normalize 
by age 17 (Gogtay, Sporn, et al., 2004; Mattai et al., 2011).  
 Our exploratory analysis also revealed significant differences in the surface 
area of genetic high-risk infants. At 1 and 2 years of age, cortical surface area 
differences were primarily found in other frontal regions, though differences in 
circumscribed areas of the occipital and temporal cortices were found as well. 
Cortical surface area reductions in frontal, temporal and occipital regions have been 
described in multiple studies of schizophrenia patient populations (Crespo-Facorro, 
Kim, Andreasen, O’Leary, & Magnotta, 2000; Gutiérrez-Galve et al., 2010; Rimol et 
al., 2012). Despite gray matter reductions in schizophrenia being largely attributed to 
cortical thickness, an increasing number of analyses have found significant 
differences in surface area. Reductions in cortical area in the frontal, temporal and 
occipital lobe have been reported adult patient groups (Crespo-Facorro et al., 2000; 
Rimol et al., 2012) with cortical area reductions making distinct contributions in areas 
where cortical thinning was less prominent (Rimol et al., 2012). At 1 and 2 years of 
age, our study shows similar results such that there is little overlap between areas 
experiencing significant differences between groups in cortical thickness and areas 
exhibiting significant differences between groups in cortical surface area.  
Interestingly, Rimol and colleagues (2012) showed that cortical volume reductions in 
schizophrenia patients that were almost exclusively driven by surface area 
contraction was shown to be a disease-specific finding for schizophrenia when 
compared to a patient group of bipolar subjects (Rimol et al., 2012). Longitudinal 
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studies of adult populations have already demonstrated altered cortical trajectories 
in adult patients with schizophrenia during the first two decades of the illness (van 
Haren et al., 2008). Our results support the idea that the aberrant cortical 
development occurring later in life in individuals with schizophrenia may actually 
have initiated during the first two postnatal.  Due to the immense amount of surface 
area growth that occurs between birth and 1 year of age (Lyall et al., 2014) as well 
as studies showing larger gray matter volumes in 2-week old high risk male 
neonates (Gilmore, Kang, et al., 2010), it is possible that the differences exhibited by 
the high risk population at 1 and 2 years of age stem from aberrant development in 
either the pre- or perinatal stage. Our findings of reduced regional area without 
significant changes in corresponding regional cortical thickness suggest a potential 
localized disruption of corticogenesis during a period of rapid expansion, potentially 
during late pregnancy or the early perinatal period.  
 
Gender Analysis Differences 
 
 Though we are not adequately powered to detect sexual dimorphism in this 
study, the preponderance of gender specific findings in the literature encouraged us 
to investigate gender differences within this cohort. Of our a priori hypotheses we 
found that high risk males exhibited a significant decrease in cortical thickness in the 
right superior parietal gyrus at one year of age, with a small non-significant increase 
in at 2 years of age.  High risk females exhibited significant decreases in cortical 
thickness in the left superior parietal gyrus at 1 and 2 years of age. None of our a 
priori hypotheses were found to be specific for surface area in our gender analyses 
at either 1 or 2 years of age. As discussed previously, the superior parietal gyrus has 
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been highly implicated in schizophrenia studies, particularly in of childhood-onset 
cases (Greenstein et al., 2006).  
 At 1 and 2 years of age, significant overlapping gender-specific differences 
were found in cortical thickness and surface area in the high-risk cohorts.  High risk 
males, on average, had more combined significant differences in cortical thickness 
and surface area than high risk females, supporting previous work done on this 
cohort which showed that high risk males neonates had altered gray matter volumes 
at 2 weeks of age, but not females (Gilmore, Kang, et al., 2010). High-risk females, 
however, had more significant differences in cortical thickness and surface areas in 
the 2-year cohort while males exhibited more significant differences in the 1-year 
cohort.  Most interestingly, high-risk males exhibited a gender-specific significant 
increase in both cortical thickness and surface area in the left insula and the right 
paracentral lobule at 1 year of age. The left insula, as discussed earlier, is a region 
previously implicated in schizophrenia. Due to the consistency in which deficits in the 
insula have been reported in studies of all stages of disease progression of 
schizophrenia, we find this to be an intriguing result (Crow et al., 2013; Kuperberg et 
al., 2003; Rimol et al., 2012; T. Takahashi et al., 2009). Gender specific differences 
in the paracentral lobule had been previously show in an analysis of first-episode 
psychosis patients in Narr et al (2005), though the differences were localized to the 
left hemisphere (Narr, Toga, et al., 2005).  While many studies have shown that 
cortical volume reduction in schizophrenia tends to be affected by either cortical 
thickness or surface area(Rimol et al., 2012), it is surprising to find that the male 
paracentral lobule and insular cortex are significantly affected by both cortical 
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measures. This suggests a clear abnormality in the development trajectory of both 
the paracentral lobule and insular cortex that most likely originated from disrupted 
prenatal or early perinatal development.  There were no regions in which females 
exhibited significant differences in both cortical thickness and surface area at either 
age. As there is a higher incidence of diagnosis in males for schizophrenia, as well 
as earlier symptom onset and increased disease severity (Bergen et al., 2014; 
Murray & Van Os, 1998), we believe that our results suggest the presence of a more 
pronounced degree of cortical abnormalities. It appears that high-risk males are 
more affected earlier in development than females, which may predispose them to 
other potential insults. 
Qualitative Analysis 
 
 Our qualitative analysis suggests a potentially intriguing hypothesis for the 
anatomical enlargements that were seen in the previous neonatal study of this 
cohort (Gilmore, Kang, et al., 2010). At 1 year of age, the majority of the brain (81%) 
is anatomically larger in one or both cortical surface measures. Regions where 
comparison infants are larger are primarily localized to the occipital and parietal 
regions while prefrontal, frontal and temporal regions are larger in high-risk infants. 
Our qualitative analysis, though not based solely on observation, posits an 
interesting theory about early brain regional brain development in infants at an 
increased genetic risk for schizophrenia. Aside from the clear presence of an 
asymmetrical enlargement within the left hemisphere of the high-risk cohort, there is 
also an interesting pattern to the regionalization of our findings. The parietal lobe, a 
region that has been clearly implicated as being the initiation site for cortical thinning 
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in childhood-onset and adult-onset schizophrenia displays quantitatively smaller 
values at 1 year of age (Greenstein et al., 2006; Rapoport et al., 2012). By 2 years, 
cortical thickness and surface area in high-risk infants are quantitatively smaller in 
the left occipital, parietal and temporal lobes. This expansion mirrors regional 
developmental progression that is witnessed in healthy human brain development, 
such that the brain matures in a back-to-front and medial to lateral wave, culminating 
the frontal and prefrontal areas (Gogtay, Giedd, et al., 2004). This observation, 
though in need of further testing with larger datasets and longitudinal study designs, 
suggests that infants at a genetic high risk for schizophrenia may experience slightly 
accelerated gray matter growth in the first year year of life which may, or may not, 
begin to arrest during early childhood. According to our results, this normalization 
may initiate in the occipito-parietal area and move forward. The complement to this 
explanation is that the parietal region may already be experiencing early cortical 
thinning witnessed in the early stages of schizophrenia (Greenstein et al., 2006). 
These two hypotheses are not mutually exclusive as our data could provide 
evidence that early apoptosis may be occurring to compensate for slightly 
accelerated growth early in development.  In an article published in 1987, Dr. 
Weinberger hypothesized that schizophrenia was the result of a disease state 
interacting with normal maturational events throughout the course of brain 
development and the results from our study have potentially lent some credence to 
this hypothesis (Weinberger, 1987). 
Neurobiology of Schizophrenia Pathology 
 
 As outlined above, imaging studies of childhood and adult-onset populations 
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have consistently demonstrated reductions in regional cortical gray matter before 
and after transition to psychosis (Borgwardt, McGuire, & Fusar Poli, 2011; Cullen et 
al., 2013; Jung, Borgwardt, Fusar-Poli, & Kwon, 2012; Rapoport et al., 2012).  
Studies of postmortem brain tissue of patients with schizophrenia have shown that 
both somas and dendritic arbors of pyramidal cells in the prefrontal cortex are 
smaller (Glantz & Lewis, 2000; Selemon & Goldman-Rakic, 1999). Other studies 
have also found increased neuronal density in the prefrontal cortex of individuals 
with schizophrenia without a change in total neuronal number (Rajkowska & 
Goldman-Rakic, 1995; Selemon & Goldman-Rakic, 1999).  Along with shorter 
dendrites, neurons within the prefrontal cortex in individuals with schizophrenia 
exhibit smaller and few dendritic spines as well as reductions in markers for axon 
terminals, such as synaptophysin (Selemon & Goldman-Rakic, 1999).  GABA-ergic 
neurons, specific parvalbumin interneurons are also affected in schizophrenia. New 
research has suggested that abnormalities in parvalbumin interneurons weaken their 
inhibitory control over the excitatory pyramidal cells, resulting in an imbalance of 
cortical excitation and inhibition (D. A. Lewis, Curley, Glausier, & Volk, 2012) 
Transcriptional analyses of postmortem brains have also shown that myelin-
regulating and oligodendrocyte functioning genes are affected in schizophrenia as 
well (Katsel, Davis, & Haroutunian, 2005). Decreased oligodendrocyte number has 
also been described (Jaaro-peled et al., 2009). The absence of glial proliferation, or 
gliosis (Keshavan, Tandon, Boutros, & Nasrallah, 2008) is also a consistent finding 
in schizophrenia, which has been proposed to suggest that cortical reductions are 
not due to neurodegenerative mechanisms (Jarskog, Miyamoto, & Lieberman, 
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2007), though new evidence has suggested neurodegenerative pathologies may be 
due to excessive inflammation (Feigenson, Kusnecov, & Silverstein, 2014). At 
present, one of the current challenges of mental illness field is to more precisely 
define developmental mechanisms that may result in the pathogenesis of 
schizophrenia. Schizophrenia has been characterized as a neurodevelopmental 
disorder and the predominant hypothesis, the two-hit hypothesis, suggests that an 
early insult compromises the brain and leaves the individual susceptible to a 
secondary hit, which ultimately leads to schizophrenia pathology (Bayer, Falkai, et 
al., 1999).  A primary obstacle to this task is developing testable animal models 
whereby developmental perturbations early in life produce overt pathophysiological 
consequences when the brain reaches maturity later in life.  
Comparison to Previous studies on this Cohort 
 
 This analysis contrasts the previous analyses conducted for the high-risk 
cohort at 2 weeks of age (Gilmore, Kang, et al., 2010; Gang Li et al., under review). 
Li et al (n.d) found cortical thickness to be significantly thinner in the left transverse 
temporal gyrus and the right lateral occipital gyrus for high-risk neonates. In the 
current analysis, neither of those regions showed significantly different values from 
comparison infants. However, Figure 5.3 shows that the right occipital areas are 
quantitatively thinner in high-risk children at both 1- and 2-years of age, though this 
did not reach significance. Conversely, the left temporal gyrus seems to be thicker in 
high-risk children at both ages, though also not significantly (Figure 5.3). The 
neonatal high-risk analysis conducted by Li et al also found distinct gender 
differences that contrast the present study. In the neonatal analysis, males were 
206 
found to have thicker cortex in the left frontal pole, left cuneus and left occipital while 
females were found to have thinner cortex in the right paracentral, left lateral 
occipital and right lateral occipital cortices. In the current study, males and females 
presented with a variety of regions that were significantly thicker or thinner than the 
comparison children that did not overlap with the findings of Li et al (n.d). 
Interestingly, the neonatal analysis did not show any significant differences in 
surface area. The current analysis describes regions in both the overall and the 
gender analysis that exhibit significantly different surface area between the high risk 
and the comparison children. Due to the small sample size in both the Li study and 
the present study, it is possible that these non-overlapping findings could be due to 
lack of power to detect consistent differences. Also, a different segmentation 
algorithm and parcellation atlas was utilized, making the direct comparison of the 
two studies difficult.  Ultimately, these two studies suggest that cortical thickness and 
surface area are both affected in genetic high-risk children during early postnatal 
cortical development, similar to the present analysis, though future studies with 
larger sample sizes will be needed to reconcile these differences. 
Comorbidity; Biomarkers for Abnormal Development 
 
 Though the high risk children in this study are offspring of mothers with 
confirmed diagnoses of schizophrenia, many studies have demonstrated that there 
exists a high genetic comorbidity between schizophrenia and other developmental 
disorders, such as autism, bipolar disorder and ADHD (Larsson et al., 2013; Sporn 
et al., 2004).  Similarly to schizophrenia, the underlying etiology of 
neurodevelopmental disorders, like bipolar disorder and autism, are unknown. An 
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increasing amount of evidence suggests that these disorders are the product of 
abnormal development in early stages of life. Therefore, it is important to consider 
this study as not just an avenue toward defining potential early biomarkers for 
schizophrenia, but also as a way to identify biomarkers for other 
neurodevelopmental disorders as well. Previous studies in adults of bipolar disorder 
have identified similar structural abnormalities to our results, specifically regarding 
differences in cortical thickness in the cingulate cortex and insula (Fornito et al., 
2009; Rimol et al., 2010). Studies of autism have also identified surface area 
differences in the insula and cingulate cortex in a population of individuals ranging 
from 7 to 39 years of age (Doyle-Thomas et al., 2012). Studies have attributed early 
brain overgrowth witnessed in autism to a significant increase in surface area and 
not cortical thickness (Hazlett et al., 2012). Cortical thinning has also been described 
in frontal, temporal, and parietal regions in adults with autism spectrum disorders 
(Ecker et al., 2013; Wallace, Dankner, Kenworthy, Giedd, & Martin, 2010). These 
studies demonstrate that the significant differences in this study may be primarily 
evidence of altered cortical development due to the genetic risk imparted by the 
mother. Future studies are needed to follow these individuals and determine if the 
cortical alterations we describe result in the manifestation of schizophrenia or other 
neurodevelopmental disorders in order to better understand the etiology and natural 
progression of these disorders.  
Environmental Risk Factors 
 
 Due to the small sample size, it is possible that the significant results described 
in this study could be due to environmental risk factors acting either independently or 
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synergistically with the increased genetic risk from the mother. A wide array of risk 
factors has been implicated in schizophrenia, which are believed to be distinct from 
an increase in genetic risk. Obstetric and labor delivery complications (Cannon, 
1997; McNeil, Cantor-Graae, & Weinberger, 2000; Verdoux et al., 1997), maternal 
infection during pregnancy (A. S. Brown, Cohen, Greenwald, & Susser, 2000; 
Mednick, Machon, Huttunen, & Bonett, 1988), paternal age (Malaspina et al., 2001), 
urban place of birth and residency (Mortensen et al., 1999; Pedersen & Mortensen, 
2001), low or very low birth weight (Jones, Rantakallio, Hartikainen, Isohanni, & 
Sipila, 1998; Rifkin et al., 1994) and shorter gestational age (Jones et al., 1998) 
have all been identified as risk factors for schizophrenia, though with some 
controversy. As can be seen from the demographic table (Table 1), our high risk 
cohort at both 1 and 2 years were, on average, born earlier, had lower birth weight, 
and required longer stays in the neonatal intensive care unit (NICU).  However, it is 
unclear whether or not these pre- and perinatal risk factors are independent 
contributions to the illness or epiphenomena associated with other aspects of the 
illness.  Many of these factors have also been shown to affect structural 
development of the brain. For instance, lower socioeconomic status has also been 
shown to greatly affect brain development and can also have neurodevelopmental 
impacts on later cognitive abilities (Hackman & Farah, 2009; Noble et al., 2012). It 
must also be noted that many of these infants are still living with their mothers, which 
could potentially lead to a compromised living environment, such as poor nutrition, 
lack of emotional stability or substance abuse (Seeman, 2010). Though it is very 
difficult to control for these factors, covariates such as maternal education, which 
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serves as a proxy for socioeconomic status, and gestational age at birth, which we 
find displays high colinearity with the length of stay in NICU as well as birth weight, 
have been added into our analysis. Further study is needed to determine the true 
effect that these environmental factors have on early childhood brain development in 
children that are at an increased genetic risk for schizophrenia to understand their 
involvement in the natural progression of abnormal brain development that may lead 
to schizophrenia or other psychiatric disorders. 
 
Limitations 
 
 This study has several limitations. First, high-risk children are more likely to 
have been exposed to medications, such as antipsychotics, antidepressants, or illicit 
drugs, during gestational development. A number of studies have provided 
controversial evidence as to whether or not the presence of these medications effect 
early postnatal brain development. One study has shown that the use of 
antipsychotics during pregnancy does not appear to significantly increase the risk of 
birth defects or other adverse outcomes (Einarson & Boskovic, 2009).  However, 
another study has shown that prenatal exposure to antipsychotics, but not 
antidepressants, significantly lowers motor performance in neonates (Johnson, 
LaPrairie, Brennan, Stowe, & Newport, 2012). Chronic exposure of antipsychotics in 
a non-human primate animal model was associated with reduced brain volume 
(Dorph-Petersen et al., 2005).  Similarly, a recent study in the Early Brain 
Developmental Study has shown that neonates with selective serotonin reuptake 
inhibitors (SSRIs) during pregnancy exhibit a higher rate of Chiari malformations 
than unexposed neonates (Knickmeyer et al., Under review). Unfortunately, it is 
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unclear the effect antipsychotics and other therapeutic medications have on early 
postnatal brain structure. Previous studies of this cohort have found no large 
differences in neonatal brain structure or white matter integrity in the female 
offspring of mothers with schizophrenia suggests that antipsychotics during 
pregnancy do not have a large impact on brain structure, though gender-specific 
effects cannot be ruled out (Gilmore, Kang, et al., 2010).   
 Second, though the number of subjects in this sample is large considering the 
difficulties of recruiting and maintaining a high risk population, the sample size is 
small given the heterogeneous nature of schizophrenia and schizophrenia risk.   
Therefore, the lack of significant results may be highly mediated by limited power to 
detect differences. Results from this study should be replicated in a larger cohort to 
determine if the differences described are valid. 
 Third, mental illness has been shown to significantly effect socioeconomic 
status and income. As shown in Tables 5.1A&B, the average maternal education, a 
proxy for socioeconomic status, and yearly income of our high-risk group is 
significantly lower than our healthy control group. Multiple studies have found that 
lower socioeconomic status can result in structural brain variation. Studies have 
found that individuals with lower socioeconomic status exhibit decreased gray matter 
volumes (Noble et al., 2012), decreased cortical thickness and surface area 
(Hackman & Farah, 2009; Lawson, Duda, Avants, Wu, & Farah, 2013), as well as 
altered brain network topology (Krishnadas et al., 2013).  
Future Directions 
 
 Future studies include a longitudinal structural analysis of the genetic high-risk 
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cohort from birth to 2 years of age. Longitudinal analyses provide a more thorough 
picture of the developmental trajectories of the cortical thickness and surface area 
than cross-sectional analyses and will also provide an opportunity to assess the 
degree to which individual cortical trajectory differences play a role. In addition, a 
more in depth analysis of the relationship between structural differences and 
cognitive ability could shed light on structural correlates underlying cognitive 
abnormalities that are present in schizophrenia.  
 Though many studies have highlighted the consistency of gray matter 
reductions in schizophrenia, increasing evidence also strongly implicates white 
matter development and function in schizophrenia. Transcriptional analyses of post-
mortem brain samples have identified differential gene and transcriptional 
expression in schizophrenia, showing localized differences in the temporal and 
cingulate cortices (Katsel, Davis, Gorman, & Haroutunian, 2005). The affected 
genes are involved in myelin regulation and oligodendrocyte functioning (Katsel, 
Davis, & Haroutunian, 2005). Studies of high-risk adolescents have also shown 
differences in the integrity and geometry of specific white matter tracts, including the 
corpus callosum and the superior longitudinal fasciculus (Savadjiev, Whitford, et al., 
2013). A recent multimodal study has shown that compromised white matter integrity 
can be linked to regional cortical thinning (X. Liu et al., 2014). Multimodal analyses 
of both white matter and gray matter development would provide a more complete 
picture of cortical development in the high-risk populations that may highlight the 
timing and location of aberrant cortical connectivity in high-risk individuals. 
 Figure S5.1. One-Year Cohort Gender Analysis – P-value Heat Maps of Significant Results. Heat maps showing regions 
that are significant to a level of p <0.05 when comparing the high-risk males or females to comparison males or females, 
respectively, within the 1-year cohort. Significant differences within the 1-year cohort are shown for A) male cortical 
thickness; B) female cortical thickness; C) male surface area; and D) female surface area. Warmer colors indicate higher 
significance. 
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 Figure S5.2. Two-Year Cohort Gender Analysis – P-value Heat Maps of Significant Results. Heat maps showing regions 
that are significant to a level of p <0.05 when comparing the high-risk males or females to comparison males or females, 
respectively, within the 2-year cohort. Significant differences within the 2-year cohort are shown for A) male cortical 
thickness; B) female cortical thickness; C) male surface area; and D) female surface area. 
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Table S5.1. Cortical Thickness Comparison - 1 Year Cohort 
Region of Interest 
LSMeans 
(SE) for 
Control 
LSMeans 
(SE) for High-
Risk P-Value 
Percent Difference 
Controls > High 
Risk N = 52 N = 26 
Central Region     
Precentral_L 2.61( 0.02) 2.62( 0.04) 0.8459 -0.3831 
Precentral_R 2.53( 0.02) 2.52( 0.03) 0.7976 0.3953 
Postcentral_L 2.39( 0.02) 2.37( 0.03) 0.6302 0.8368 
Postcentral_R 2.34( 0.02) 2.30( 0.03) 0.3295 1.7094 
Rolandic_Oper_L 3.46( 0.03) 3.44( 0.04) 0.7491 0.5780 
Rolandic_Oper_R 3.36( 0.03) 3.32( 0.05) 0.5958 1.1905 
Frontal Lobe     
Lateral Surface     
Frontal_Sup_L* 3.00( 0.02) 3.08( 0.04) 0.1503 -2.6667 
Frontal_Sup_R* 2.90( 0.03) 2.92( 0.04) 0.6702 -0.6897 
Frontal_Mid_L 3.03( 0.02) 3.07( 0.03) 0.3812 -1.3201 
Frontal_Mid_R 3.02( 0.02) 3.10( 0.03) 0.0782 -2.6490 
Frontal_Inf_Oper_L 3.22( 0.03) 3.38( 0.04) 0.0082 -4.9689 
Frontal_Inf_Oper_R 3.25( 0.03) 3.23( 0.04) 0.7211 0.6154 
Frontal_Inf_Tri_L 3.02( 0.02) 3.06( 0.03) 0.3861 -1.3245 
Frontal_Inf_Tri_R 3.06( 0.03) 3.13( 0.04) 0.2743 -2.2876 
Medial Surface     
Frontal_Sup_Medial_L 4.09( 0.05) 4.17( 0.08) 0.4494 -1.9560 
Frontal_Sup_Medial_R 3.96( 0.05) 4.01( 0.08) 0.6420 -1.2626 
Supp_Motor_Area_L 3.16( 0.04) 3.19( 0.06) 0.7324 -0.9494 
Supp_Motor_Area_R 3.16( 0.04) 3.10( 0.06) 0.4436 1.8987 
Paracentral_Lobule_L 2.43( 0.04) 2.18( 0.06) 0.0028 10.2881 
Paracentral_Lobule_R 2.61( 0.04) 2.39( 0.07) 0.0233 8.4291 
Orbital Surface     
Frontal_Sup_Orb_L 3.25( 0.06) 3.21( 0.09) 0.7275 1.2308 
Frontal_Sup_Orb_R 3.29( 0.06) 3.16( 0.09) 0.2879 3.9514 
Frontal_Med_Orb_L 4.05( 0.08) 3.77( 0.12) 0.0825 6.9136 
Frontal_Med_Orb_R 3.66( 0.09) 3.84( 0.14) 0.3192 -4.9180 
Frontal_Mid_Orb_L 3.45( 0.06) 3.40( 0.09) 0.6756 1.4493 
Frontal_Mid_Orb_R 3.36( 0.06) 3.47( 0.09) 0.3747 -3.2738 
Frontal_Inf_Orb_L 3.58( 0.04) 3.60( 0.06) 0.7613 -0.5587 
Frontal_Inf_Orb_R 3.48( 0.03) 3.52( 0.05) 0.5606 -1.1494 
Rectus_L 3.99( 0.11) 3.54( 0.17) 0.0522 11.2782 
Rectus_R 3.82( 0.09) 3.62( 0.14) 0.2931 5.2356 
Olfactory_L 1.88( 0.06) 2.09( 0.10) 0.1099 -11.1702 
Olfactory_R 1.71( 0.06) 1.63( 0.09) 0.4845 4.6784 
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Red indicates p <0.05, "**" indicates a primary a priori hypothesis, "*" indicates a secondary a 
priori hypothesis 
Table S5.1. Cortical Thickness Comparison - 1 Year Cohort continued 
Region of Interest LSMeans(SE) for Control 
LSMeans(SE) 
for High-Risk P-Value 
Percent Difference 
Controls > High 
Risk 
Temporal Lobe         
Temporal_Sup_L* 3.30( 0.03) 3.37( 0.04) 0.2755 -2.1212 
Temporal_Sup_R* 3.36( 0.03) 3.40( 0.04) 0.4277 -1.1905 
Heschl_L 2.96( 0.06) 2.88( 0.09) 0.5240 2.7027 
Heschl_R 3.25( 0.05) 3.11( 0.08) 0.2178 4.3077 
Temporal_Mid_L 3.12( 0.02) 3.22( 0.03) 0.0404 -3.2051 
Temporal_Mid_R 3.12( 0.02) 3.13( 0.03) 0.8758 -0.3205 
Temporal_Inf_L 3.21( 0.03) 3.28( 0.04) 0.2397 -2.1807 
Temporal_Inf_R 3.05( 0.03) 3.18( 0.04) 0.0266 -4.2623 
Temporal_Pole_Sup_L 4.14( 0.07) 4.48( 0.11) 0.0254 -8.2126 
Temporal_Pole_Sup_R 4.28( 0.06) 4.38( 0.10) 0.4567 -2.3364 
Temporal_Pole_Mid_L 4.54( 0.16) 4.72( 0.24) 0.5885 -3.9648 
Temporal_Pole_Mid_R 4.37( 0.10) 4.45( 0.15) 0.6933 -1.8307 
Insula     
Insula_L 3.36( 0.03) 3.39( 0.04) 0.6216 -0.8929 
Insula_R 3.34( 0.03) 3.43( 0.04) 0.1379 -2.6946 
Cingulate     
Cingulate_Ant_L 3.12( 0.06) 2.95( 0.10) 0.2226 5.4487 
Cingulate_Ant_R 3.26( 0.05) 3.28( 0.08) 0.8644 -0.6135 
Cingulate_Mid_L 2.97( 0.02) 3.02( 0.03) 0.2284 -1.6835 
Cingulate_Mid_R 2.73( 0.03) 2.86( 0.04) 0.0259 -4.7619 
Cingulate_Post_L 1.79( 0.04) 1.73( 0.06) 0.4371 3.3520 
Cingulate_Post_R 1.67( 0.04) 1.75( 0.06) 0.3309 -4.7904 
Parietal Lobe     
Parietal_Sup_L** 2.54( 0.03) 2.36( 0.05) 0.0119 7.0866 
Parietal_Sup_R** 2.52( 0.03) 2.43( 0.05) 0.1840 3.5714 
Parietal_Inf_L 2.82( 0.03) 2.73( 0.04) 0.1383 3.1915 
Parietal_Inf_R 2.78( 0.03) 2.72( 0.05) 0.4239 2.1583 
Angular_L 3.10( 0.03) 3.21( 0.04) 0.0702 -3.5484 
Angular_R 2.95( 0.03) 3.04( 0.04) 0.1180 -3.0508 
SupraMarginal_L 3.04( 0.03) 3.05( 0.05) 0.8412 -0.3289 
SupraMarginal_R 3.00( 0.03) 2.98( 0.05) 0.7687 0.6667 
Precuneus_L 2.93( 0.02) 2.87( 0.04) 0.2553 2.0478 
Precuneus_R 3.03( 0.02) 3.04( 0.03) 0.7221 -0.3300 
Red indicates p <0.05, "**" indicates a primary a priori hypothesis, "*" indicates a secondary a 
priori hypothesis 
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Table S5.1. Cortical Thickness Comparison - 1 Year Cohort continued 
Region of Interest LSMeans(SE) for Control 
LSMeans(SE) 
for High-Risk P-Value 
Percent Difference 
Controls > High 
Risk 
     
Occipital Lobe     
Occipital_Sup_L 2.61( 0.02) 2.60( 0.03) 0.8347 0.3831 
Occipital_Sup_R 2.49( 0.02) 2.41( 0.04) 0.1513 3.2129 
Occipital_Mid_L 2.64( 0.02) 2.57( 0.03) 0.0982 2.6515 
Occipital_Mid_R 2.55( 0.03) 2.53( 0.04) 0.7092 0.7843 
Occipital_Inf_L 2.51( 0.03) 2.49( 0.05) 0.7324 0.7968 
Occipital_Inf_R 2.42( 0.03) 2.39( 0.05) 0.6545 1.2397 
Cuneus_L 2.59( 0.02) 2.58( 0.04) 0.7595 0.3861 
Cuneus_R 2.67( 0.02) 2.64( 0.04) 0.5514 1.1236 
Calcarine_L 2.28( 0.02) 2.33( 0.04) 0.2969 -2.1930 
Calcarine_R 2.30( 0.03) 2.31( 0.04) 0.8879 -0.4348 
Lingual_L 2.38( 0.02) 2.40( 0.03) 0.6755 -0.8403 
Lingual_R 2.31( 0.02) 2.39( 0.03) 0.0826 -3.4632 
Fusiform_L 2.91( 0.02) 2.95( 0.03) 0.3849 -1.3746 
Fusiform_R 2.73( 0.02) 2.71( 0.03) 0.6545 0.7326 
Red indicates p <0.05, "**" indicates a primary a priori hypothesis, "*" indicates a secondary a 
priori hypothesis 
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Table S5.2. Cortical Thickness Comparison - 2 Year Cohort 
Region of Interest 
LSMeans(SE) 
for Control 
N = 40 
LSMeans(SE) 
for High-Risk 
N = 20 
P-Value 
Percent 
Difference 
Controls > High 
Risk 
Central Region         
Precentral_L 2.65( 0.02) 2.68( 0.04) 0.4432 -1.1321 
Precentral_R 2.59( 0.02) 2.58( 0.03) 0.9322 0.3861 
Postcentral_L 2.39( 0.01) 2.35( 0.02) 0.2450 1.6736 
Postcentral_R 2.29( 0.02) 2.34( 0.03) 0.2792 -2.1834 
Rolandic_Oper_L 3.15( 0.03) 3.17( 0.04) 0.8522 -0.6349 
Rolandic_Oper_R 3.14( 0.02) 3.18( 0.04) 0.3977 -1.2739 
Frontal Lobe     
Lateral Surface     
Frontal_Sup_L* 2.91( 0.02) 2.93( 0.03) 0.6031 -0.6873 
Frontal_Sup_R* 2.83( 0.02) 2.87( 0.03) 0.3553 -1.4134 
Frontal_Mid_L 2.91( 0.02) 2.91( 0.03) 0.8683 0.0000 
Frontal_Mid_R 2.90( 0.02) 2.96( 0.03) 0.1606 -2.0690 
Frontal_Inf_Oper_L 3.13( 0.02) 3.13( 0.04) 0.9227 0.0000 
Frontal_Inf_Oper_R 3.08( 0.03) 3.12( 0.04) 0.4848 -1.2987 
Frontal_Inf_Tri_L 2.89( 0.02) 2.95( 0.03) 0.1004 -2.0761 
Frontal_Inf_Tri_R 2.92( 0.02) 2.96( 0.03) 0.4162 -1.3699 
Medial Surface     
Frontal_Sup_Medial_L 3.61( 0.03) 3.63( 0.05) 0.7122 -0.5540 
Frontal_Sup_Medial_R 3.51( 0.04) 3.61( 0.07) 0.2816 -2.8490 
Supp_Motor_Area_L 3.16( 0.04) 3.11( 0.06) 0.5535 1.5823 
Supp_Motor_Area_R 3.07( 0.03) 3.10( 0.05) 0.6587 -0.9772 
Paracentral_Lobule_L 2.43( 0.04) 2.40( 0.07) 0.7511 1.2346 
Paracentral_Lobule_R 2.59( 0.03) 2.47( 0.06) 0.1166 4.6332 
Orbital Surface     
Frontal_Sup_Orb_L 2.94( 0.04) 2.95( 0.06) 0.9262 -0.3401 
Frontal_Sup_Orb_R 2.82( 0.04) 2.88( 0.07) 0.5042 -2.1277 
Frontal_Med_Orb_L 3.44( 0.06) 3.37( 0.10) 0.5439 2.0349 
Frontal_Med_Orb_R 3.16( 0.06) 3.30( 0.09) 0.2716 -4.4304 
Frontal_Mid_Orb_L 3.11( 0.03) 3.14( 0.05) 0.6009 -0.9646 
Frontal_Mid_Orb_R 3.08( 0.04) 3.08( 0.06) 0.9658 0.0000 
Frontal_Inf_Orb_L 3.35( 0.03) 3.30( 0.04) 0.3593 1.4925 
Frontal_Inf_Orb_R 3.21( 0.02) 3.35( 0.04) 0.0097 -4.3614 
Rectus_L 3.22( 0.07) 3.21( 0.11) 0.9801 0.3106 
Rectus_R 3.04( 0.07) 3.09( 0.12) 0.7571 -1.6447 
Olfactory_L 1.95( 0.06) 1.92( 0.10) 0.7703 1.5385 
Olfactory_R 1.69( 0.08) 1.45( 0.12) 0.1364 14.2012 
Red indicates p <0.05, "**" indicates a primary a priori hypothesis, "*" indicates a secondary a 
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priori hypothesis 
Table S5.2. Cortical Thickness Comparison - 2 Year Cohort 
continued 
Region of Interest 
LSMeans(SE) 
for Control 
N = 40 
LSMeans(SE) 
for High-Risk 
N = 20 
P-Value 
Percent 
Difference 
Controls > High 
Risk 
Temporal Lobe     
Temporal_Sup_L* 3.23( 0.02) 3.21( 0.04) 0.6954 0.6192 
Temporal_Sup_R* 3.23( 0.02) 3.30( 0.04) 0.2023 -2.1672 
Heschl_L 2.92( 0.05) 2.92( 0.08) 0.9620 0.0000 
Heschl_R 3.15( 0.05) 3.03( 0.09) 0.2937 3.8095 
Temporal_Mid_L 3.00( 0.02) 3.00( 0.03) 0.9924 0.0000 
Temporal_Mid_R 3.02( 0.02) 3.00( 0.03) 0.6647 0.6623 
Temporal_Inf_L 2.97( 0.02) 3.03( 0.03) 0.1748 -2.0202 
Temporal_Inf_R 2.91( 0.02) 2.92( 0.03) 0.7301 -0.3436 
Temporal_Pole_Sup_L 4.03( 0.06) 3.99( 0.10) 0.7831 0.9926 
Temporal_Pole_Sup_R 4.05( 0.06) 4.10( 0.10) 0.6782 -1.2346 
Temporal_Pole_Mid_L 3.83( 0.05) 3.98( 0.09) 0.2124 -3.9164 
Temporal_Pole_Mid_R 3.70( 0.06) 3.84( 0.10) 0.2848 -3.7838 
Insula     
Insula_L 3.40( 0.02) 3.28( 0.04) 0.0305 3.5294 
Insula_R 3.30( 0.03) 3.32( 0.05) 0.7517 -0.6061 
Cingulate     
Cingulate_Ant_L 2.67( 0.03) 2.66( 0.05) 0.8614 0.3745 
Cingulate_Ant_R 2.81( 0.04) 2.87( 0.07) 0.5300 -2.1352 
Cingulate_Mid_L 2.94( 0.02) 2.88( 0.03) 0.2221 2.0408 
Cingulate_Mid_R 2.70( 0.03) 2.68( 0.05) 0.7369 0.7407 
Cingulate_Post_L 1.71( 0.03) 1.73( 0.05) 0.7513 -1.1696 
Cingulate_Post_R 1.58( 0.04) 1.48( 0.07) 0.2855 6.3291 
Parietal Lobe     
Parietal_Sup_L** 2.50( 0.02) 2.44( 0.03) 0.1624 2.4000 
Parietal_Sup_R** 2.45( 0.03) 2.43( 0.04) 0.7889 0.8163 
Parietal_Inf_L 2.73( 0.02) 2.64( 0.03) 0.0391 3.2967 
Parietal_Inf_R 2.69( 0.02) 2.63( 0.03) 0.1539 2.2305 
Angular_L 2.99( 0.03) 2.95( 0.04) 0.5295 1.3378 
Angular_R 2.88( 0.02) 2.86( 0.03) 0.5808 0.6944 
SupraMarginal_L 2.87( 0.03) 2.77( 0.05) 0.1382 3.4843 
SupraMarginal_R 2.88( 0.03) 2.83( 0.04) 0.3600 1.7361 
Precuneus_L 2.74( 0.02) 2.71( 0.03) 0.5410 1.0949 
Precuneus_R 2.83( 0.02) 2.85( 0.03) 0.6270 -0.7067 
Red indicates p <0.05, "**" indicates a primary a priori hypothesis, "*" indicates a secondary a 
priori hypothesis 
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Table S5.2. Cortical Thickness Comparison - 2 Year Cohort 
continued 
Region of Interest 
LSMeans(SE) 
for Control 
N = 40 
LSMeans(SE) 
for High-Risk 
N = 20 
P-Value 
Percent 
Difference 
Controls > High 
Risk 
Occipital Lobe     
Occipital_Sup_L 2.51( 0.03) 2.51( 0.04) 0.9071 0.0000 
Occipital_Sup_R 2.40( 0.03) 2.44( 0.04) 0.4236 -1.6667 
Occipital_Mid_L 2.58( 0.02) 2.52( 0.03) 0.1065 2.3256 
Occipital_Mid_R 2.51( 0.02) 2.50( 0.04) 0.9205 0.3984 
Occipital_Inf_L 2.49( 0.03) 2.39( 0.05) 0.1363 4.0161 
Occipital_Inf_R 2.39( 0.03) 2.38( 0.05) 0.9256 0.4184 
Cuneus_L 2.46( 0.02) 2.46( 0.04) 0.9547 0.0000 
Cuneus_R 2.55( 0.02) 2.54( 0.04) 0.8488 0.3922 
Calcarine_L 2.26( 0.02) 2.29( 0.04) 0.5654 -1.3274 
Calcarine_R 2.26( 0.02) 2.25( 0.04) 0.8902 0.4425 
Lingual_L 2.31( 0.02) 2.34( 0.03) 0.3333 -1.2987 
Lingual_R 2.24( 0.02) 2.36( 0.03) 0.0059 -5.3571 
Fusiform_L 2.73( 0.02) 2.75( 0.03) 0.7431 -0.7326 
Fusiform_R 2.64( 0.02) 2.63( 0.03) 0.8685 0.3788 
Red indicates p <0.05, "**" indicates a primary a priori hypothesis, "*" indicates a secondary a 
priori hypothesis 
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S5.3. Surface Area Comparison – 1 Year Cohort 
Region of Interest 
LSMeans(SE) for 
Control 
N = 52 
LSMeans(SE) for 
High-Risk 
N = 26 
P-Value 
Percent Difference 
Controls > High 
Risk 
Central Region         
Precentral_L 2595.49( 64.40) 2412.44( 99.26) 0.1802 7.0526 
Precentral_R 2911.49( 64.02) 2924.36( 98.67) 0.9240 -0.4420 
Postcentral_L 2976.53( 71.57) 2964.99( 110.31) 0.9390 0.3877 
Postcentral_R 2853.09( 87.87) 2999.46( 135.44) 0.4304 -5.1302 
Rolandic_Oper_L 1091.44( 27.24) 1032.71( 41.99) 0.3081 5.3810 
Rolandic_Oper_R 1317.72( 30.53) 1411.34( 47.07) 0.1487 -7.1047 
Frontal Lobe     
Lateral Surface     
Frontal_Sup_L* 2424.49( 45.39) 2275.61( 69.96) 0.1228 6.1407 
Frontal_Sup_R* 2986.52( 64.97) 2677.25( 100.14) 0.0265 10.3555 
Frontal_Mid_L 3767.87( 80.89) 3875.86( 124.68) 0.5270 -2.8661 
Frontal_Mid_R 4020.28( 75.51) 3946.01( 116.39) 0.6410 1.8474 
Frontal_Inf_Oper_L 834.75( 37.04) 939.46( 57.09) 0.1826 -12.5439 
Frontal_Inf_Oper_R 1212.89( 51.50) 1193.16( 79.38) 0.8558 1.6267 
Frontal_Inf_Tri_L 1972.74( 77.53) 1932.61( 119.50) 0.8060 2.0342 
Frontal_Inf_Tri_R 1437.22( 49.83) 1436.39( 76.81) 0.9937 0.0578 
Medial Surface     
Frontal_Sup_Medial_L 1794.66( 42.92) 1612.26( 66.16) 0.0468 10.1635 
Frontal_Sup_Medial_R 1263.65( 32.65) 1157.15( 50.33) 0.1249 8.4280 
Supp_Motor_Area_L 1384.78( 45.72) 1464.86( 70.47) 0.4071 -5.7829 
Supp_Motor_Area_R 1459.39( 42.86) 1480.99( 66.07) 0.8111 -1.4801 
Paracentral_Lobule_L 756.37( 28.76) 785.33( 44.33) 0.6331 -3.8288 
Paracentral_Lobule_R 442.52( 21.62) 384.79( 33.32) 0.2077 13.0457 
Orbital Surface     
Frontal_Sup_Orb_L 567.04( 21.25) 583.68( 32.75) 0.7104 -2.9345 
Frontal_Sup_Orb_R 926.73( 31.84) 914.36( 49.08) 0.8538 1.3348 
Frontal_Med_Orb_L 429.80( 17.39) 511.05( 26.80) 0.0293 -18.9041 
Frontal_Med_Orb_R 673.30( 26.35) 637.43( 40.62) 0.5190 5.3275 
Frontal_Mid_Orb_L 718.87( 23.29) 665.78( 35.90) 0.2815 7.3852 
Frontal_Mid_Orb_R 768.94( 24.26) 704.14( 37.39) 0.2076 8.4272 
Frontal_Inf_Orb_L 1573.35( 41.95) 1430.78( 64.66) 0.1101 9.0616 
Frontal_Inf_Orb_R 1565.21( 43.11) 1359.55( 66.45) 0.0262 13.1395 
Rectus_L 701.88( 33.51) 800.51( 51.65) 0.1654 -14.0523 
Rectus_R 630.55( 29.20) 719.52( 45.01) 0.1513 -14.1099 
Olfactory_L 660.82( 20.63) 650.37( 31.80) 0.8101 1.5814 
Olfactory_R 675.14( 28.59) 742.33( 44.06) 0.2669 -9.9520 
Red indicates p <0.05, "**" indicates a primary a priori hypothesis, "*" indicates a secondary a priori 
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hypothesis 
Table S5.3. Surface Area Comparison – 1 Year Cohort  
continued 
Region of Interest 
LSMeans(SE) for 
Control 
N = 52 
LSMeans(SE) for 
High-Risk 
N = 26 
P-Value 
Percent Difference 
Controls > High 
Risk 
Temporal Lobe         
Temporal_Sup_L* 2645.56( 80.22) 2463.14( 123.64) 0.2826 6.8953 
Temporal_Sup_R* 3070.27( 46.55) 3092.00( 71.76) 0.8248 -0.7078 
Heschl_L 210.18( 14.25) 192.84( 21.96) 0.5639 8.2501 
Heschl_R 203.02( 15.70) 172.60( 24.19) 0.3593 14.9837 
Temporal_Mid_L 4679.58( 111.54) 4518.08( 171.93) 0.4928 3.4512 
Temporal_Mid_R 4827.04( 73.11) 4793.22( 112.69) 0.8263 0.7006 
Temporal_Inf_L 2454.91( 53.59) 2445.66( 82.60) 0.9347 0.3768 
Temporal_Inf_R 3270.21( 68.11) 3387.83( 104.99) 0.4137 -3.5967 
Temporal_Pole_Sup_L 481.29( 23.59) 515.84( 36.36) 0.4878 -7.1786 
Temporal_Pole_Sup_R 505.66( 24.73) 517.12( 38.11) 0.8261 -2.2663 
Temporal_Pole_Mid_L 266.81( 18.68) 214.12( 28.79) 0.1835 19.7481 
Temporal_Pole_Mid_R 460.36( 22.42) 384.73( 34.55) 0.1127 16.4284 
Insula     
Insula_L 1293.00( 24.87) 1321.59( 38.33) 0.5858 -2.2111 
Insula_R 1546.07( 21.17) 1596.32( 32.63) 0.2623 -3.2502 
Cingulate     
Cingulate_Ant_L 1487.75( 34.46) 1481.83( 53.12) 0.9351 0.3979 
Cingulate_Ant_R 1411.50( 41.35) 1476.45( 63.73) 0.4570 -4.6015 
Cingulate_Mid_L 2205.97( 46.35) 2135.24( 71.45) 0.4699 3.2063 
Cingulate_Mid_R 2509.14( 48.01) 2550.25( 74.01) 0.6848 -1.6384 
Cingulate_Post_L 757.12( 21.14) 806.70( 32.59) 0.2679 -6.5485 
Cingulate_Post_R 411.98( 16.28) 372.11( 25.09) 0.2474 9.6777 
Parietal Lobe     
Parietal_Sup_L** 1322.56( 55.66) 1263.24( 85.80) 0.6135 4.4852 
Parietal_Sup_R** 1508.81( 59.21) 1507.81( 91.26) 0.9936 0.0663 
Parietal_Inf_L 2798.53( 76.44) 2508.38( 117.82) 0.0749 10.3679 
Parietal_Inf_R 1730.57( 75.05) 1752.45( 115.67) 0.8900 -1.2643 
Angular_L 1792.58( 71.87) 2007.85( 110.78) 0.1582 -12.0089 
Angular_R 2651.00( 78.40) 2660.33( 120.85) 0.9550 -0.3519 
SupraMarginal_L 1321.36( 60.49) 1314.64( 93.24) 0.9580 0.5086 
SupraMarginal_R 2140.03( 80.10) 2174.31( 123.46) 0.8391 -1.6018 
Precuneus_L 3690.51( 81.14) 3833.75( 125.07) 0.4034 -3.8813 
Precuneus_R 3117.61( 66.47) 3242.16( 102.45) 0.3753 -3.9950 
Red indicates p <0.05, "**" indicates a primary a priori hypothesis, "*" indicates a secondary a priori 
hypothesis 
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Table S5.3. Surface Area Comparison – 1 Year Cohort  
continued 
Region of Interest 
LSMeans(SE) for 
Control 
N = 52 
LSMeans(SE) for 
High-Risk 
N = 26 
P-Value 
Percent Difference 
Controls > High 
Risk 
Occipital Lobe         
Occipital_Sup_L 1509.37( 45.05) 1600.44( 69.44) 0.3391 -6.0336 
Occipital_Sup_R 1392.62( 49.80) 1409.57( 76.76) 0.8717 -1.2171 
Occipital_Mid_L 3596.72( 84.93) 3803.40( 130.90) 0.2505 -5.7463 
Occipital_Mid_R 2419.92( 74.69) 2526.86( 115.13) 0.4976 -4.4192 
Occipital_Inf_L 887.32( 38.53) 974.98( 59.39) 0.2824 -9.8792 
Occipital_Inf_R 1233.46( 35.79) 1070.28( 55.16) 0.0333 13.2295 
Cuneus_L 1516.83( 46.95) 1706.49( 72.37) 0.0585 -12.5037 
Cuneus_R 1446.12( 49.50) 1521.74( 76.30) 0.4694 -5.2292 
Calcarine_L 2496.05( 54.25) 2562.10( 83.62) 0.5640 -2.6462 
Calcarine_R 2016.46( 50.76) 2170.40( 78.25) 0.1532 -7.6342 
Lingual_L 2796.27( 57.43) 2948.97( 88.52) 0.2097 -5.4608 
Lingual_R 2613.08( 54.94) 2496.52( 84.68) 0.3158 4.4606 
Fusiform_L 2338.96( 46.07) 2383.84( 71.00) 0.6441 -1.9188 
Fusiform_R 2358.09( 53.29) 2273.42( 82.14) 0.4519 3.5906 
Red indicates p <0.05, "**" indicates a primary a priori hypothesis, "*" indicates a secondary a priori 
hypothesis 
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Table S5.4. Surface Area Comparison – 2 Year Cohort 
Region of Interest 
LSMeans(SE) for 
Control 
N = 40 
LSMeans(SE) for 
High-Risk 
N = 20 
P-Value 
Percent 
Difference 
Controls > High 
Risk 
Central Region         
Precentral_L 2961.54( 84.27) 2773.53( 134.22) 0.2969 6.3484 
Precentral_R 3329.44( 76.19) 3435.22( 121.35) 0.5149 -3.1771 
Postcentral_L 3499.43( 109.93) 3438.66( 175.08) 0.7951 1.7366 
Postcentral_R 3352.91( 105.15) 3451.78( 167.47) 0.6588 -2.9488 
Rolandic_Oper_L 1305.06( 26.33) 1160.38( 41.94) 0.0122 11.0861 
Rolandic_Oper_R 1589.70( 45.11) 1668.59( 71.84) 0.4126 -4.9626 
Frontal Lobe     
Lateral Surface     
Frontal_Sup_L 2824.35( 63.71) 2990.36( 101.48) 0.2240 -5.8778 
Frontal_Sup_R 3430.13( 89.30) 3294.04( 142.23) 0.4749 3.9675 
Frontal_Mid_L 4583.30( 104.90) 4789.67( 167.07) 0.3571 -4.5027 
Frontal_Mid_R 4826.34( 107.34) 4626.81( 170.96) 0.3840 4.1342 
Frontal_Inf_Oper_L 1052.81( 44.58) 1136.34( 71.00) 0.3803 -7.9340 
Frontal_Inf_Oper_R 1474.53( 51.68) 1304.04( 82.32) 0.1253 11.5623 
Frontal_Inf_Tri_L 2251.39( 93.85) 2415.43( 149.47) 0.4129 -7.2862 
Frontal_Inf_Tri_R 1609.30( 55.96) 1584.15( 89.12) 0.8328 1.5628 
Medial Surface     
Frontal_Sup_Medial_L 1993.77( 57.91) 2150.18( 92.24) 0.2078 -7.8449 
Frontal_Sup_Medial_R 1450.08( 42.00) 1459.76( 66.89) 0.9137 -0.6675 
Supp_Motor_Area_L 1631.04( 53.65) 1709.03( 85.45) 0.4955 -4.7816 
Supp_Motor_Area_R 1860.26( 57.71) 1764.51( 91.92) 0.4369 5.1471 
Paracentral_Lobule_L 803.92( 40.10) 877.09( 63.87) 0.3928 -9.1017 
Paracentral_Lobule_R 515.07( 27.43) 516.39( 43.69) 0.9820 -0.2563 
Orbital Surface     
Frontal_Sup_Orb_L 744.79( 22.51) 796.29( 35.84) 0.2848 -6.9147 
Frontal_Sup_Orb_R 1120.55( 37.32) 1113.17( 59.45) 0.9259 0.6586 
Frontal_Med_Orb_L 547.72( 21.14) 579.98( 33.67) 0.4743 -5.8899 
Frontal_Med_Orb_R 889.96( 40.24) 828.89( 64.10) 0.4768 6.8621 
Frontal_Mid_Orb_L 885.76( 25.44) 849.13( 40.52) 0.4995 4.1354 
Frontal_Mid_Orb_R 1001.63( 39.27) 950.56( 62.55) 0.5418 5.0987 
Frontal_Inf_Orb_L 1919.50( 48.79) 1673.81( 77.71) 0.0211 12.7997 
Frontal_Inf_Orb_R 1902.14( 45.71) 1897.06( 72.81) 0.9584 0.2671 
Rectus_L 925.05( 24.55) 925.93( 39.10) 0.9865 -0.0951 
Rectus_R 997.66( 32.75) 960.59( 52.16) 0.5952 3.7157 
Olfactory_L 657.35( 26.85) 697.97( 42.76) 0.4782 -6.1794 
Olfactory_R 658.43( 36.63) 757.80( 58.33) 0.2057 -15.0920 
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Red indicates p <0.05, "**" indicates a primary a priori hypothesis, "*" indicates a secondary a priori 
hypothesis 
Table S5.4. Surface Area Comparison – 2 Year Cohort  
continued 
Region of Interest 
LSMeans(SE) for 
Control 
N = 40 
LSMeans(SE) for 
High-Risk 
N = 20 
P-Value 
Percent 
Difference 
Controls > High 
Risk 
Temporal Lobe         
Temporal_Sup_L 3169.88( 93.40) 2872.91( 148.76) 0.1392 9.3685 
Temporal_Sup_R 3627.75( 60.03) 3380.81( 95.61) 0.0574 6.8070 
Heschl_L 227.62( 15.01) 209.23( 23.91) 0.5653 8.0793 
Heschl_R 200.93( 15.95) 229.73( 25.40) 0.3976 -14.3333 
Temporal_Mid_L 5919.80( 106.55) 5859.74( 169.69) 0.7911 1.0146 
Temporal_Mid_R 5690.72( 104.37) 5788.78( 166.22) 0.6591 -1.7232 
Temporal_Inf_L 3191.65( 70.42) 2896.47( 112.16) 0.0530 9.2485 
Temporal_Inf_R 4087.53( 92.30) 3560.07( 147.01) 0.0093 12.9041 
Temporal_Pole_Sup_L 699.50( 28.56) 688.47( 45.49) 0.8560 1.5768 
Temporal_Pole_Sup_R 752.04( 27.56) 747.44( 43.89) 0.9374 0.6117 
Temporal_Pole_Mid_L 488.13( 24.70) 418.75( 39.33) 0.1903 14.2134 
Temporal_Pole_Mid_R 705.65( 31.68) 650.00( 50.46) 0.4106 7.8863 
Insula     
Insula_L 1662.24( 34.01) 1664.76( 54.17) 0.9722 -0.1516 
Insula_R 1863.75( 36.31) 1791.23( 57.83) 0.3498 3.8911 
Cingulate     
Cingulate_Ant_L 2038.65( 54.19) 2012.24( 86.30) 0.8189 1.2955 
Cingulate_Ant_R 1846.61( 43.67) 1882.78( 69.55) 0.6973 -1.9587 
Cingulate_Mid_L 2715.38( 63.95) 2674.15( 101.84) 0.7620 1.5184 
Cingulate_Mid_R 3178.71( 55.72) 3043.46( 88.74) 0.2569 4.2549 
Cingulate_Post_L 966.16( 27.76) 924.09( 44.21) 0.4774 4.3544 
Cingulate_Post_R 483.74( 20.35) 484.50( 32.41) 0.9860 -0.1571 
Parietal Lobe     
Parietal_Sup_L 1883.94( 81.84) 1696.26( 130.34) 0.2837 9.9621 
Parietal_Sup_R 2103.16( 86.68) 1810.08( 138.05) 0.1163 13.9352 
Parietal_Inf_L 3440.21( 106.32) 3439.74( 169.33) 0.9983 0.0137 
Parietal_Inf_R 2261.63( 87.43) 2328.06( 139.24) 0.7212 -2.9373 
Angular_L 2189.68( 87.54) 2463.92( 139.42) 0.1450 -12.5242 
Angular_R 3467.97( 112.52) 3181.26( 179.20) 0.2342 8.2674 
SupraMarginal_L 1674.58( 78.14) 1641.90( 124.45) 0.8442 1.9515 
SupraMarginal_R 2506.92( 97.76) 2577.88( 155.70) 0.7331 -2.8306 
Precuneus_L 4836.29( 97.75) 4657.39( 155.69) 0.3914 3.6991 
Precuneus_R 4101.66( 87.85) 4139.67( 139.91) 0.8389 -0.9267 
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Red indicates p <0.05, "**" indicates a primary a priori hypothesis, "*" indicates a secondary a priori 
hypothesis 
     
     
Table S5.4. Surface Area Comparison – 2 Year Cohort  
continued 
Region of Interest 
LSMeans(SE) for 
Control 
N = 40 
LSMeans(SE) for 
High-Risk 
N = 20 
P-Value 
Percent 
Difference 
Controls > High 
Risk 
Occipital Lobe         
Occipital_Sup_L 1832.70( 59.51) 1861.12( 94.78) 0.8224 -1.5507 
Occipital_Sup_R 1713.82( 71.30) 1846.88( 113.55) 0.3822 -7.7639 
Occipital_Mid_L 4482.98( 119.23) 4238.35( 189.89) 0.3370 5.4569 
Occipital_Mid_R 3116.19( 91.61) 2785.99( 145.91) 0.0946 10.5963 
Occipital_Inf_L 1010.33( 41.98) 1020.65( 66.86) 0.9080 -1.0214 
Occipital_Inf_R 1501.60( 58.38) 1468.45( 92.98) 0.7897 2.2076 
Cuneus_L 1871.69( 51.26) 1797.31( 81.64) 0.4962 3.9739 
Cuneus_R 1632.32( 53.81) 1768.07( 85.71) 0.2389 -8.3164 
Calcarine_L 2933.84( 71.10) 2921.91( 113.24) 0.9371 0.4066 
Calcarine_R 2311.69( 63.91) 2332.05( 101.79) 0.8810 -0.8807 
Lingual_L 3101.99( 63.23) 3166.85( 100.71) 0.6301 -2.0909 
Lingual_R 2960.01( 66.88) 2867.71( 106.52) 0.5174 3.1182 
Fusiform_L 2834.36( 56.96) 3119.44( 90.72) 0.0218 -10.0580 
Fusiform_R 2986.29( 66.86) 3019.65( 106.49) 0.8147 -1.1171 
Red indicates p <0.05, "**" indicates a primary a priori hypothesis, "*" indicates a secondary a priori 
hypothesis 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Table S5.5. One Year Cohort Cortical Thickness – Gender Analysis Significant Results 
Region of Interest Comparison Males Mean (SE) 
High Risk Males 
Mean (SE) F statistic p-value 
Frontal_Inf_Oper_L 3.19 (0.04) 3.42 (0.06) 8.21 0.0085 
Frontal_Sup_Medial_L 3.91 (0.07) 4.34 (0.11) 8.68 0.0071 
Insula_L 3.29 (0.03) 3.57 (0.05) 14.21 0.0009 
Parietal_Sup_R 2.52 (0.05) 2.30 (0.07) 4.76 0.0392 
Paracentral_Lobule_R 2.60 (0.07) 2.21 (0.12) 6.31 0.0191 
Cingulate_Mid_R 2.68 (0.05) 2.91 (0.08) 4.38 0.0470 
Occipital_Mid_L 2.64 (0.03) 2.49 (0.05) 4.56 0.0431 
Region of Interest Comparison Females Mean (SE) 
High Risk Females 
Mean (SE) F statistic p-value 
Frontal_Inf_Oper_L 3.22 (0.03) 3.42 (0.06) 7.36 0.0096 
Parietal_Sup_L 2.59 (0.04) 2.40 (0.07) 4.17 0.0475 
Precuneus_L 2.97 (0.03) 2.83 (0.05) 4.80 0.0341 
Temporal_Inf_R 3.07 (0.03) 3.28 (0.05) 9.70 0.0033 
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 Table S5.6. Two Year Cohort Cortical Thickness – Gender Analysis Significant Results 
Region of Interest Comparison Males Mean (SE) 
High Risk Males 
Mean (SE) F statistic p-value 
Frontal_Inf_Orb_R 3.22 (0.02) 3.43 (0.04) 18.42 0.0002 
Lingual_R 2.25 (0.02) 2.36 (0.04) 4.55 0.0411 
Olfactory_R 1.73 (0.10) 1.28 (0.16) 4.30 0.0468 
Region of Interest Comparison Females Mean (SE) 
High Risk Females 
Mean (SE) F statistic p-value 
Cingulate_Ant_L 2.72 (0.06) 2.39 (0.09) 6.37 0.0212 
Lingual_L 2.25 (0.03) 2.43 (0.05) 7.16 0.0154 
Lingual_R 2.21 (0.04) 2.39 (0.06) 4.53 0.0474 
Parietal_Sup_L 2.55 (0.03) 2.34 (0.06) 7.45 0.0137 
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 Table S5.7. One Year Cortical Surface Area – Gender Analysis Significant Results 
Region of Interest Comparison Males Mean (SE) 
High Risk 
Males Mean (SE) F statistic p-value 
Frontal_Inf_Orb_R 1667.27 (61.81) 1330.19 (99.21) 6.29 0.0193 
Frontal_Sup_Medial_L 1899.36 (58.26) 1560.16 (93.52) 7.17 0.0132 
Insula_L 1297.49 (35.58) 1474.58 (57.12) 5.24 0.0312 
Paracentral_Lobule_R 487.16 (33.56) 334.30 (53.87) 4.39 0.0470 
Region of Interest Comparison Females Mean(SE) 
High Risk 
Females Mean (SE) F statistic p-value 
Lingual_R 2601.86 (70.03) 2265.61 (114.26) 4.64 0.0371 
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 Table S5.8. Two Year Cortical Surface – Gender Analysis Significant Results 
Region of Interest Comparison Males Mean (SE) 
High Risk 
Males Mean (SE) F statistic p-value 
Frontal_Sup_Orb_L 720.84 (27.17) 838.90 (42.45) 4.36 0.0452 
Frontal_Inf_Oper_R 1601.74 (61.81) 1275.01 (96.57) 6.46 0.0164 
Rolandic_Oper_L 1329.72 (32.34) 1185.41 (50.52) 4.61 0.0400 
Angular_R 3579.37 (136.03) 2887.01 (212.52) 5.99 0.0204 
Region of Interest Comparison Females Mean (SE) 
High Risk Females 
Mean (SE) F statistic p-value 
Frontal_Sup_Orb_R 1092.98 (42.65) 880.13 (71.19) 4.65 0.0449 
Frontal_Inf_Tri_L 1925.08 (168.90) 2767.86 (281.89) 4.65 0.0449 
Rolandic_Oper_L 1303.08 (38.19) 1057.93 (63.74) 7.69 0.0125 
Temporal_Mid_L 5410.28 (180.55) 6395.17 (301.33) 5.56 0.0299 
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CHAPTER 6: INTEGRATION AND FURTURE DIRECTIONS 
 
Integration  
 An increased understanding of early structural and functional brain 
development is vital to understanding both typical and atypical development.  The 
first two postnatal years are a period of exceptionally rapid cortical development 
paralleled by an equally rapid acquisition of motor, sensory and cognitive skills.  The 
establishment of early cortical structure provides a foundation upon which a lifetime 
of learning and experience will rest.  
During this critical developmental window, the immature brain is highly plastic, 
yet also potentially vulnerable.  An increasing amount of evidence suggests that 
many neuropsychiatric disorders originate from aberrant prenatal or early postnatal 
cortical development.  Early insults during the first two years of life may result in 
long-term neurodevelopmental impacts.  Characterization of cortical developmental 
trajectories will assist in the early identification of infants who may diverge from 
healthy patterns of development.  During this period of heightened plasticity, early 
therapeutic interventions may be more effective and potentially mitigate, or even 
prevent, the development of future neuropsychiatric disorders. 
In the first aim of this dissertation, typical longitudinal development 
trajectories of cortical thickness and surface area were characterized for the first two 
postnatal years of life.  This analysis is the first to provide a perspective on regional 
cortical thickness and surface area growth within the first years of postnatal life. 
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Previous imaging studies investigating this critical window of cortical gray matter 
development were strictly volumetric analyses (Gilmore et al., 2011; Knickmeyer et 
al., 2008).  The use of cortical surface measures, specifically cortical thickness and 
surface area, provided a more refined way of characterizing the cortical mantle 
throughout development.  Cortical thickness and surface area are distinct genetic 
components of gray matter volume and are differentially affected in certain 
neurodevelopmental disorders (Panizzon et al., 2009).  The separation of the cortex 
into two basic biological components increases the sensitivity of neuroimaging 
methods to detect changes within the cortex.  Additionally, use of cortical surface 
measure allow for a better understanding of what neurobiological factors underlie 
specific regional changes within the cortex.  This study demonstrates that cortical 
thickness and surface area growth exhibit exceptionally dynamic and heterogeneous 
patterns of growth across the cortex, especially within the first postnatal year.  
Sensory and motor areas tended to show slower rates of growth in cortical thickness 
within the first year whereas higher-order association areas exhibit faster rates of 
growth.  This study has also showed that cortical thickness is more established than 
surface area by age 2 and that surface area growth is the principal driving factor for 
brain growth after 2 years of age.  Taken together, results from this aim have 
provided definitions for a typical trajectory of cortical thickness and surface area.   
The results from this aim have also provided a comparative baseline for future 
studies of atypical development and an improved understanding of the regional 
development of gray matter in the first years of postnatal life.  
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 Within the second aim, we utilized the knowledge gained about the cortical 
developmental trajectories from the first aim to understand how early patterns of 
structural brain development are related to early cognitive development.  This study 
provided a first look at the relationship between burgeoning cognitive abilities and 
early cortical structure.  Results from our analysis show that both cortical thickness 
and surface area exhibit significant correlations with general cognitive ability.  
Regions found to be significantly related to cognitive ability tended to underlie 
sensory or motor functions as well as visuospatial orientation and early language.  
Remarkably, neonatal structure and the change in structure between birth and 1 
year of life had more significant relationships than 2-year structure. This indirectly 
indicates that the growth preceding the administration of a behavioral test was more 
related to performance on the Mullen Scales of Early Learning than the cortical 
structure of the infant at the time of the test.  An additional finding of the study was 
the prevalence of negative correlations in many regions. Negative correlations were 
an unexpected results because the majority of studies investigating the relationship 
between cortical structure and intelligence describe positive correlations (Karama et 
al., 2009; Narr et al., 2007, etc.). Additionally, the majority of regions being studied in 
this analysis are exhibiting large amount of growth, as shown in the first aim of this 
dissertation.  We propose that the negative correlations described in this study are 
evidence of the strict spatiotemporal regulation of brain development and that 
negative correlations are potentially specific to early childhood.  In early brain 
development, regulation of cortical growth is extremely important for the proper 
establishment of cortical circuits.  In fact, a theoretical model investigating 
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overgrowth in early development as a model for autism demonstrated that deviant 
growth trajectories disrupt established functional connectivity networks during 
development leading to a decline in network performance over time (J. D. Lewis & 
Elman, 2008). Also, many clinical cases related to cortical dysregulation of growth, 
such as polymicrogyria and macrocephaly, show that larger brains in early 
development are not indicative of improved neurodevelopmental outcomes.  The 
need to understand normal brain development as a foundation for cognition and 
behavioral adjustment is becoming increasingly clear.  As such, this study is an 
important first step in understanding the early structural correlates of developing 
cognitive abilities in very young children 
Within the final aim, we determined whether or not individuals with an increased 
genetic risk for schizophrenia show aberrant cortical development when compared 
to typical children.  Schizophrenia is highly heritable and studying the offspring of 
schizophrenia patients provides a powerful tool for assessing the effects of genetic 
liability on early structural brain development.  Infants with a high genetic risk for 
schizophrenia exhibited significant structural differences at both 1 and 2 years of age 
when compared to typically developing infants. Significant differences were found in 
both cortical thickness and surface area.  All significant regions were association 
cortices that were previously linked to schizophrenia, such as the superior parietal 
gyrus, multiple temporal regions and the insula. A qualitative comparison shows that 
81% of cortical regions have greater anatomical values in one or both cortical 
measures in high-risk kids at 1 year of age.  In the 2-year cohort, only 71% of 
regions exhibited larger cortical thickness and/or surface area.  Occipital and parietal 
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areas exhibited qualitatively smaller thickness and surface area than comparison 
infants whereas frontal regions tended to have quantitatively larger increases in 
cortical thickness. Results from our qualitative analysis also suggest that infants at 
high genetic risk for schizophrenia may be experiencing a period of accelerated gray 
matter growth between birth and 1 year, after which cortical growth appears to arrest 
in high-risk children between 1 and 2 years of age.  These abnormalities indicate 
potential aberrant cortical development that manifest as pre-existing structural 
vulnerabilities within specific regions as early as 1 year of age..  Future studies are 
needed to follow these individuals and determine if the cortical alterations described 
result in the manifestation of schizophrenia or other neurodevelopmental disorders in 
order to better understand the etiology and natural progression of these 
neurodevelopmental disorders. 
Future Directions 
 
Below I have outlined a number of future studies I would believe could be 
meaningful additions to the present study of early brain development in both healthy 
and at-risk children. I have organized these analyses by feasibility, with those that 
can be conducted immediately at the top and those that are in need of method 
development at the end.  
 
1. Extension of Cognitive Development Analysis: Cortical Structure and the 
Relationship with the Independent Scales of the Mullen Scales of Early 
Learning 
 
As an extension of the results presented in Chapter 4, I propose that the analysis 
of the independent Scales within the Mullen Scales of Early Learning would be an 
important and necessary next step.  Due to the fact that studies in late childhood, 
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adolescence and adults tend to use a single IQ score to represent general cognitive 
ability (Narr et al 2006, Karama et al 2009, Burgaleta et al 2013), we chose to use 
the Early Learning Composite Score as it most closely resembles an “IQ” scores for 
early cognitive development.  In our analysis, many of the cortical structures that we 
found to be significantly related to Mullen Early Learning Composite Scores at 2 
years of age were involved in a wide range of functions including visuospatial 
representation, motor planning, and early language abilities. The Mullen Early 
Learning Composite Score is comprised of the T-scores from the scales measuring 
Visual Reception, Fine Motor, Expressive Language and Receptive Language and 
each of these T-scores is weighted equally. This presents a small problem because 
two children could have scored exactly the same on the Mullen Early Learning 
Composite Score, but have performed very differently within the specific scales (i.e., 
one could score poorly on Expressive Language but could make up for it by 
performing well on Fine Motor, and vice versa).  Therefore, it would be extremely 
informative to analyze the separate scales and determine which structural regions of 
interest are correlated to each of the specific functions during different points in early 
brain development.   
It is currently unclear whether or not the same regions that underlie cognitive 
functions in adults serve similar roles in early brain development. There is evidence 
that children tend to use a more diffuse network of cortical regions to accomplish 
specific cognitive tasks (Gao, Zhu, et al., 2009).  This analysis may provide indirect 
evidence of which regions are involved in these potentially diffuse cortical networks 
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and may provide an avenue to establish a timeline for when function becomes more 
localized for each specific scale.  
In this analysis, a priori hypotheses should be selected for each of the scales. 
For the Fine Motor and Gross Motor scale areas such as the precentral gyrus, the 
supplementary motor area, and the Rolandic Operculum should be considered. For 
the Visual Reception, areas within the occipital cortex, such as the calcarine gyrus, 
superior occipital gyrus and lingual gyrus, and areas within the parietal lobe, such as 
the precuneus and inferior parietal lobule should be considered. For expressive and 
receptive language, canonical language areas in the temporal lobe, such as the 
superior, middle and inferior temporal gyrus, the Heschl’s gyrus, the angular gyrus 
and the inferior frontal gyrus (Broca’s area) should be considered. For language 
related scales, a priori hypotheses should primarily focus on regions within the left 
hemisphere, as this is the dominant hemisphere for language-based functions.  
The complete analysis should also include a wider range of subjects, which could 
be stratified based on developmental variables (such as gestational age), 
environmental variables (such as socioeconomic status), cognitive performance 
(similar to Shaw et al 2006), or the change in cognitive performance or postnatal 
weight gain over time (similar to S Karama et al., 2013; Leppanen et al., 2013). 
Given that the number of subjects within each separate cohort is sufficient, this 
stratification would allow for the analysis group-specific cortical developmental 
trajectories and increase the generalizability of the overall study.  In summary, this 
future study provides a meaningful and feasible way of investigating the 
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relationships of cortical structure to early cognitive development that furthers the 
research conducted within this dissertation. 
 
2. Extension of High Risk Analysis Aim – Part 1: Inclusion of High Risk for 
Bipolar Infants 
 
Schizophrenia and bipolar disorder are two debilitating psychiatric disorders with 
overlapping symptoms and genetics (Lichtenstein et al., 2009; Murray et al., 2004).  
Imaging studies of patients with schizophrenia have also shown that both disorders 
exhibit clear structural brain abnormalities (Gogtay, 2008; Lyoo et al., 2006). In two 
previous analyses Rimol and colleagues (2010; 2012) found: 1) schizophrenia and 
bipolar disorder both displayed reduced subcortical volumes; 2) only found cortical 
thinning overlap within the frontal and temporal lobes when comparing bipolar Type 
1 and schizophrenia; 3) cortical thinning is the predominant factor in volume 
reduction in studies of schizophrenia; 4) cortical surface area reduction was only 
seen in schizophrenia patients and not bipolar patients (Rimol et al., 2010, 2012).  
The results of these two studies have shown that there are disorder-specific 
biological differences in cortical structure between schizophrenia and bipolar 
disorder. 
 Based on the previously mentioned studies, future analyses of high-risk infants 
should analyze two separate populations of genetically high-risk infants and, based 
on the availability of the data, should be longitudinal.  As stated before, both 
disorders are highly genetically mediated (Lichtenstein et al., 2009).  By studying two 
separate populations of high-risk infants, it may be possible to identify divergent 
cortical development trajectories that are specific to being “at risk” for either 
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schizophrenia or bipolar disorder. Additionally, this study may provide a way to 
identify general risk endophenotypes in cortical structure.  These general risk 
differences would most likely be the result of a compromised early environment 
instead of genetic factors. Results from our study, described in Chapter 5 suggest 
that certain cortical regions are exhibiting different patterns of cortical development 
in infants that are at a high risk for schizophrenia. However, it is difficult to know 
whether or not these cortical differences are linked to the genetic or environmental 
factors. This future study may provide a way to parse out early life differences in 
aberrant cortical development that may be specific to schizophrenia, bipolar disorder 
and generalized risk related to environmental factors. 
 
3. Extension of High Risk Analysis Aim  – Part 2: Early Cognitive 
Development in High Risk Populations  
 
The third proposed study is the partial integration of the two previous items 
presented at the start of this list.  The goal of this study would be to conduct a more 
thorough analysis of early cognitive development in genetic high-risk populations for 
schizophrenia and bipolar disorder.  Cognitive deficits are one of the key diagnostic 
criteria of schizophrenia and includes problems in attention, processing speed, 
working memory, and executive function (Mueser & McGurk, 2004). Patients with 
bipolar disorder also show some similar impairment in cognitive functioning (Green, 
2006).  Cognitive alterations are seen in unaffected relatives of patients with 
schizophrenia, but not bipolar disorder (Jabben, Arts, van Os, & Krabbendam, 
2010), suggesting, much like the structural differences found in the studies by Rimol 
and colleagues (2010;2012), that there are disorder-specific features to cognitive 
239 
deficits.  Taken together, these studies all suggest that schizophrenia manifests as a 
more severe structural and functional phenotype than bipolar disorder.  
High-risk populations of infants provide the earliest possible time point to 
investigate whether or not cognitive deficits are already present during early cortical 
development. Retrospective studies using home movies have shown that clinicians 
were able to identify children who later transitioned to schizophrenia by observing 
abnormal motor skills (Walker et al., 1994). Interestingly, this study found that these 
differences were greatest when observed before 2 years of age (Walker et al., 
1994).  A similar retrospective study conducted in the large “1946 cohort” also 
showed that individuals who later went on to develop schizophrenia were delayed in 
their attainment of developmental milestones (Jones et al., 1994).   
The EBDS is uniquely positioned to investigate early cognitive development in 
two cohorts of genetic high-risk individuals. The goal of this analysis would be to 
investigate the nature of cognitive deficits in high-risk populations and identify which 
cognitive realms are most affected in infants who are at high risk for schizophrenia, 
or bipolar disorder.  The use of the individual scales of the Mullen Scales of Early 
Learning will provide greater specificity for this analysis. In the previous analysis, 
demographic tables show that Early Learning Composite Scores in both the 1 and 2-
year cohorts are already lower (See Chapter 5). Using the three-group design, one 
would be able to deconstruct the effects of genetic risk and environment on cognitive 
performance. Overall, the information gained from the completion of this study may 
also identify realms in which high-risk infants require behavioral or cognitive 
intervention.  Early identification of deficits in cognitive development during a period 
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of heightened plasticity may ultimately help mitigate long-term deficits of genetic or 
environmental risk factors.  
 
4. Subcortical Structures and Cerebellum – Gray Matter Volumes  
 
 An important addition to future studies would be the inclusion of subcortical 
structures and the cerebellum into our analyses investigating cognitive development 
and high-risk populations.  Within the first two postnatal years, the subcortical 
structures in typically developing infants increase an average of 130% (Gilmore et 
al., 2011), while the cerebellum increases an average of 240% (Knickmeyer et al., 
2008).  Subcortical structures have been shown to mature earlier than the cortex 
(Ostby et al., 2009) and the cerebellum is the only region in the brain where 
neuronal migration is occurring postnatally (Sidman & Rakic, 1973).  Therefore, an 
obvious next step would be to determine what role subcortical structures play in 
early cognition and whether or not they are affected in at-risk populations.  
 Previous studies of late childhood, adolescence and adulthood have clearly 
demonstrated that the involvement of the hippocampus, amygdala, and basal 
ganglia is critical for cognitive development (Amaral, 2003; Amat et al., 2008; 
Burgaleta et al., 2013; Burgess et al., 2002). The cerebellum has also been equally 
implicated in motor coordination and memory consolidation (Bastian & Thach, 2002; 
Hogan et al., 2011).  It is currently unclear the degree to which subcortical structures 
are involved in developing cognitive abilities within the first two postnatal years.  
Elucidating the role subcortical structures play in early functional development would 
provide valuable information that is not currently available for this critical period.  
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 Studies in schizophrenia patients have found that the reductions in the gray 
volumes of subcortical structures (Rimol et al., 2010; Shenton, Dickey, Frumin, & 
McCarley, 2001).  Cerebellar volume has also been shown to be smaller in 
schizophrenia patients (Greenstein et al., 2011), unaffected siblings (Greenstein et 
al., 2011) and individual at high risk for schizophrenia (Job, Whalley, Johnstone, & 
Lawrie, 2005).  Additionally, functional network analyses have shown abnormalities 
in the connectivity between cortical and subcortical structures, specifically 
hyperactivity between frontal and orbital regions and the caudate, hippocampus and 
amygdala (Salvador et al., 2010).  Based on the evidence presented, determining 
whether or not subcortical structures are also exhibiting different growth trajectories 
early in life would provide a more complete picture of the neurodevelopmental 
progression of schizophrenia.  
 Despite work produced in the EBDS (Gilmore et al., 2011; Knickmeyer et al., 
2008), the current methodologies available for the analysis of subcortical structures 
are not optimal for pediatric imaging.  The primary hindrance to this is the low and 
changing resolution in early infant scans as well as the lack of ground truth manual 
segmentations in pediatric populations.  The development of pediatric parcellation 
label maps is, therefore, a necessary step to further the study of infant brain 
development and will be discussed in detail below. 
5. Do Regions with Greater Genetic Heritability Exhibit Fewer Inter-Individual 
Differences? : Twin-based Analysis Utilizing The ACE Model 
 
 In a previous study, Mueller and colleagues (2013) found that heteromodel 
areas tended to have significantly higher inter-subject variability in functional 
connectivity and sulcal depth than unimodal areas (Mueller et al., 2013). 
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Interestingly, the study showed that this degree of inter-subject variability within 
connectivity and sulcal depth was significantly correlated to the degree of 
evolutionary cortical expansion, such that areas with high expansion had high 
variability and vice versa. This suggests that more evolutionarily conserved areas, 
specifically primary cortical regions, may be more similar across subjects, but that 
higher order association areas are more variable and may underlie individual 
differences (Mueller et al., 2013). 
 I propose to take the above study and take it one step further. By utilizing 
images from twins pairs collected within the EBDS, I suggest we conduct a similar 
analysis looking at the degree if similarity in sulcal depth to determine if there are 
more individual differences in higher-order association areas than primary areas. 
Because cortical gyrification patterns are generally set at birth (Chi et al., 1977a), I 
expect to see differences as early as 2 weeks of age. Then, I would utilize the power 
of the twin population and conduct a multivariate ACE model to assess the variance 
in cortical structure (or any phenotype). The ACE model attempts to best estimate 
how much of the variance is due to additive genetic effects (A), common 
environmental effects (C) or unique environmental effects (E).  I hypothesize that 
areas with low variability in sulcal depth between subjects will be more influenced by 
genetic effects while areas with high inter-individual variability will be more 
influenced by environmental effects (C&E). Additionally, it would be particularly 
interesting to determine the effects specific prenatal environmental variables, such 
as maternal infection, smoking, or weight gain, have on inter-individual variability in 
sulcal depth in infants at birth.  
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 Next, I propose to look at the inter-subject variability in growth rates, as well. 
It would be interesting to see if the rates of growth within unimodal versus 
multimodal areas differ across subjects and if those differences are also related to 
the degree of genetic or environmental contributions. Due to the findings in the study 
by Mueller and colleagues (2013), one would expect to see more similar growth 
rates in primary cortical regions if they are more genetically regulated than regions of 
the frontal lobes which may be more related unique environmental affects.  
 
6. Infant-Specific Parcellation Label-Maps  
 
 As discussed previously, the development and public distribution of infant-
specific parcellation label-maps would be an invaluable improvement to our 
methodologies.  Currently, there are only a few parcellation maps that have been 
generated specifically for pediatric populations yet even fewer of these maps are 
publically available (Gilmore, Lin, Prastawa, et al., 2007a; Gousias et al., 2008, 
2013). Ideally, pediatric label maps should be able to model both the dynamic 
growth changes as well as intensity changes that are occurring in early development 
within each region-of-interest, specifically in the subcortical structures. Optimal 
parcellation maps should be generated utilizing manual parcellations of scans from 
birth to early childhood within a group of pediatric subjects with longitudinal data. 
The creation and utilization of infant-specific parcellation maps would increase the 
accuracy of pediatric imaging methods because researchers would no longer have 
to adapt adult parcellation maps.  
 
7. Joint Analysis of Longitudinal Trajectories of Gray Matter and White Matter  
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The ability to jointly analyze gray matter cortical surface measures, such as 
cortical thickness, surface area, cortical gyrification and sulcal index, and white 
matter tracts, would be an immensely large addition to our arsenal of image analysis 
tools.  At present, developmental neuroimaging studies have been limited to strictly 
analyzing one modality. Though many studies hypothesize the role of white matter in 
gray matter development, current methodologies do not allow for the joint 
investigation of voxel-level or tract-based DTI measures in white matter (such as 
FA), with macrostructural features typically used in gray matter analyses (such as 
cortical thickness).  This highlights the need for methods that facilitate a joint 
analysis of gray and white matter morphology that have the ability to capture and 
quantify the structural and functional relationships between gray and white matter 
structures.  The development of this method would be very useful in understanding 
the interaction between gray matter and white matter development in both healthy 
and at-risk children.  
 First, understanding the relationship between early myelination and gray 
matter expansion in the first two years of life is vital to our understanding of the 
establishment of structural and functional circuits. During the first two postnatal 
years, gray matter volume increases 149% in the first year and 14% in the second 
year (Knickmeyer et al., 2008). White matter volume, on the other hand, increases 
gradually, exhibiting an 11% increase in the first year and a 19% increase in the 
second year (Knickmeyer et al., 2008). As shown in this dissertation, postnatal gray 
matter increases are primarily due to rapid and regionally heterogeneous 
development of synapses, axons, dendrites and dendritic spines during this time 
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period (Cordero et al., 1993; Glantz et al., 2007; Huttenlocher & Dabholkar, 1997; 
LaMantia & Rakic, 1990; Petanjek et al., 2011; Webster et al., 2011).  In a similar 
way, there is rapid and tract-specific development of white matter tract 
microstructure in the first two years of life (Dubois et al., 2006; Gao, Lin, et al., 2009; 
Geng et al., 2011; Gilmore, Lin, Corouge, et al., 2007) with much more slow and 
gradual maturation thereafter (Asato et al., 2010; X. Q. Ding et al., 2008; Lebel et al., 
2008; Schmithorst et al., 2002; Snook et al., 2005; Verhoeven et al., 2010) also 
consistent with studies that show CNS myelination follows predictable topographical 
and chronological sequences (Brody et al., 1987; Yakovlev & Lecours, 1967). 
However, up to this point, it is unclear how the developmental trajectories of these 
two distinct factors are related to each other.  This method would allow researchers 
to answer many critical questions, including:  
1. Is cortical thickness or surface area expansion related to changes in diffusion 
parameters of white matter tracts?   
2. How is subcortical myelination related to the timeline of cortical thickness or 
surface area development?  
3. Does the timing of myelination affect functional/cognitive development? 
4. How is early myelination related to the establishment of resting state and task-
positive networks in early cortical development?  
5. Is early myelination different in at-risk children? Are these myelination differences 
the same that are seen in adolescent or adult patients with schizophrenia? 
6. If myelination is altered, is aberrant myelination in high-risk subjects leading to 
altered cortical thickness and surface area or vice versa?  
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 Methods integrating white matter diffusion tensor imaging and tractography 
studies with studies analyzing cortical thickness and surface area are starting to be 
developed. Two publications presenting different methods will be discussed.  
 In a recent conference publication, Savadjiev and colleagues present a novel 
framework that “fuses” white and gray matter geometrical information using mutual 
information (MI) (Savadjiev, Rathi, et al., 2013). Mutual information between two 
variables measures the amount of information they share. It is important to note that 
this should not be confused with correlation, which measures the strength between 
two variables. MI is a more general measure, as it does not assume any particular 
form of relationship between the variables yet gauges how “dependent” the variables 
are with respect to each other. Given a GM cortical surface measure, for instance 
CT, at each surface mesh vertex and the WM diffusion measure, for instance FA, at 
each point along a white matter tract, Savadjiev and colleagues use kernel density 
estimation (Bowman & Azzalini, 1997) to compute a probability density estimate for 
each of these two measures. Then, to compute MI, the authors use the MILCA 
estimator (Kraskov, Stogbauer, & Grassberger, 2008), a robust estimator of MI, 
which does not require a priori knowledge of the joint density of the two variables. In 
this model, the authors compute one probability density estimate for CT over the 
cortical area and another one for FA over the connecting white matter tract. I treat 
these two density estimates as two one-dimensional data vectors and use the 
proposed method to compute the MI between them.   
Our collaborators at the UNC-Chapel Hill BRIC have developed the other method 
to assess relationships between gray and white matter. This method utilizes 
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correlational networks to assess the relationships between fiber density, cortical 
thickness and cortical folding between birth to 2 years of age (Nie et al., 2013). To 
accomplish this, cortical thickness, cortical folding and fiber densities are projected 
on a cortical surface that has been parcellated utilizing the AAL 90-region 
parcellation map (76 cortical, 14 subcortical) (Tzourio-Mazoyer et al., 2002).  Next, 
correlation matrices are computed for cortical thickness, cortical folding and fiber 
density using inter-regional Pearson correlation coefficients between any pair of 
ROIs for all subjects in the study.  Findings from this method have shown that 
cortical thickness and fiber density networks show convergence with cortical folding 
networks, suggesting that cortical folding may be the result of multiple dynamic 
processes in early development (Nie et al., 2013). 
In the future, it would extremely informative if methods would combine 
tractography-based methods to determine features of the developing white matter 
and cortical surface measures to characterize developing gray matter. Ideally, a 
method that would allow a user to investigate the relationship between gray matter 
regions that are connected by white matter tracts would be crucial to understanding 
the establishment of early structural and functional networks in the human brain. 
Conclusion 
 
Overall, these additional studies would provide novel information to the field 
of developmental neuroimaging. First, these studies will provide unique information 
about cortical and subcortical developmental trajectories in both healthy and at-risk 
populations. Second, an increased understanding of the relationship between 
cortical development and early cognitive abilities in both healthy and at-risk 
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populations may provide more information about functional and structural 
biomarkers of risk.  Third, studies focusing on the genetic or environmental 
determinants of cortical structure could narrow the field of investigation for specific 
structural endophenotypes in at-risk populations.  Finally, the use of multiple-
modality imaging techniques will provide a more complete picture of early cortical 
development and answer critical questions about the establishment of typical or 
atypical structural and functional networks in early brain development.  In summary, 
the addition of these studies will have a positive impact because a more complete 
understanding will lead to more effective early identification strategies and 
interventions that could attenuate, or even prevent, the progression of 
neurodevelopmental disorders. 
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